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Abstract 

With the development of renewable energies, such as wind energy and solar energy, the 

dc power system becomes a promising candidate to manage and transfer the renewable 

energy source, which stimulates the study of the dc-dc converters in the past decades. 

Among various dc-dc converters, the dual-active-bridge (DAB) dc-dc converter is re-

garded as one of the most promising candidates for the dc power conversion due to merits 

like isolated, high-efficiency, bidirectional, and ultrafast dynamic characteristics.  

Except the DAB dc-dc converter, there are some other isolated dc-dc converters such 

as full bridge dc-dc converter, three-phase DAB dc-dc converter, etc. They normally have 

similar dynamic characteristics as the DAB dc-dc converter featuring intermediary induc-

tive ac-link (I2ACL) configuration. However, they are rarely investigated in existing liter-

ature, especially for better dynamic control performance. To fill such a gap, the dynamic 

equivalence between the DAB dc-dc converter and other I2ACL isolated dc-dc converters 

is revealed with the thorough overview of the existing I2ACL topologies in this work. Fur-

ther, a unified fast-dynamic direct-current control scheme is proposed for significantly 

improving the dynamic performance of these I2ACL isolated dc-dc converters. With this 

predetermined analysis, the dynamic control schemes for the DAB-based dc-dc converter 

systems can be easily extended to other I2ACL converters with the same configurations. 

The single DAB dc-dc converter has been extensively investigated, but its modularized 

converter systems such as input-parallel output-parallel (IPOP), input-independent out-

put-parallel (IIOP), in-put-parallel output-series (IPOS), and input-series output-parallel 

(ISOP) configurations have been seldomly covered in the existing research. Particularly, 

it is emergent to improve the dynamics, e.g. the input-voltage disturbance, the load-
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condition change and the power sharing disturbance. In this work, the advanced dynamic 

controls for these modular DAB dc-dc converter systems are proposed, featuring the flex-

ible power sharing control performances with fast-dynamic responses. Moreover, to real-

ize the reliable operation of these DAB-based systems, the hot swap operations are pre-

sented. To ensure the desired power sharing performance, the circuit-parameter estimat-

ing methods are proposed for these DAB-based converter systems. 

This work expands scope of the application of the DAB-based converter system in the 

partial power processing (PPP). Different from the existing literatures focusing on em-

bedding renewable energy source into the strong ac system, this work proposes a PPP 

converter system, which can realize the independent control of the renewable energy 

source and the stabilization of the total dc bus. Combining with DAB module, the DAB-

based PPP converter system is proposed. Then, as one of the important functions, the 

stabilization of the total dc bus should be further improved for this DAB-based converter 

system. In detail, a high-robustness control strategy is proposed to realize the fast-dy-

namic control, and the operation when one renewable energy source is out of work is also 

presented. Notably, the renewable energy should feature the current output and the lim-

ited output-voltage regulation such as PV, fuel cell and wind turbine with ac-dc conver-

sion. By using the PV as an example, the effectiveness of the novel system is verified with 

following results: 1). The maximum power point tracking of the PV panels can be realized 

by using the existing method. 2). By using the proposed high-robustness control scheme, 

the total dc-link voltage can maintain at its desired value when the irradiance of PV panels, 

the voltage of the battery and the load condition are changed, and even when the PV panel 

is heavily shaded. 
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Chapter 1  

Introduction 

Along with the development of renewable energies such as wind energy and solar en-

ergy, the dc power distribution system has been extensively investigated for collecting and 

transferring these energies, which stimulates the research of the dc-dc converters in the 

past decades. Among various dc-dc converters, the dual-active-bridge (DAB) dc-dc con-

verter is regarded as one of the most promising candidates in the dc power conversion 

systems because of with symmetric, isolated, high-efficiency, bidirectional and ultrafast 

dynamic characteristics. The topology of the DAB dc-dc converter can be shown in Figure 

1-1 [1]. This converter has been widely adopted in distributed generating systems [2, 3], 

automotive applications [4, 5], energy storage systems [6, 7] and power electronic trans-

former in railway traction applications [8]. 

 
Figure 1-1  The topology of the DAB dc-dc converter. 

Meanwhile, some isolated dc-dc converters such as full bridge dc-dc converter and 

three-phase DAB dc-dc converter have been studied, which have similar dynamic charac-

teristics as the DAB dc-dc converter featuring intermediary inductive ac-link (I2ACL) con-

figuration [9, 10]. However, these I2ACL dc-dc converters do not obtain enough study, 

especially in terms of the dynamic control. Besides, the dynamic equivalence between the 

DAB dc-dc converter and other I2ACL dc-dc converters should also be revealed. Then, 

with this fundamental analysis, the dynamic controls schemes for the DAB-based dc-dc 

converter systems can be easily extended to the other I2ACL dc-dc converters with the 

same configurations. 

Currently, the DAB-based dc-dc converter systems such as input-parallel output-paral-
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and input-series output-parallel (ISOP) configurations are starting to get research on the 

wind farm, the electric vehicle charge station, the dc power transformer, and the dc mi-

crogrid [11-15]. These existing literatures are more focusing on some basic analysis of 

these DAB-based dc-dc converter systems. To deal with the frequent disturbances such as 

the input-voltage changes and the load changes, the dynamic improvements of these 

modular DAB dc-dc converter systems need of further study. Furthermore, another po-

tential important application of the DAB-based dc-dc converter system is the partial 

power processing (PPP) converter system. In the past decades, the PPP converter systems 

are extensively studied for the strong ac system [16, 17], but the PPP converter system for 

the islanded dc grid still needs of study. Thus, for the islanded grid system, a DAB-based 

PPP system is proposed for realizing the independent control of the renewable energy 

source and the stabilization of the total dc-voltage bus.  

In this Chapter, the applications of the I2ACL dc-dc converters such as the full-bridge 

dc-dc converter and the DAB dc-dc converter are discussed and analyzed. Besides, the 

dynamic equivalence in these I2ACL dc-dc converters is simply introduced in section 1.1. 

Moreover, the existing studies of the modular DAB dc-dc converter systems including 

IPOP, IIOP, IPOS and ISOP are introduced and discussed, and the drawbacks of some 

existing dynamic control schemes are analyzed in section 1.2 and section 1.3. In addition, 

another potential important application of the DAB-based dc-dc converter system is PPP 

applications. Different from the existing literatures focusing on the strong ac grid system, 

this work proposes a DAB-based PPP converter system for the islanded dc microgrid, fea-

turing the independent control of the renewable energy source and the stabilization of the 

total dc-link voltage in section 1.4. Furthermore, the objectives and the contributions of 

this work are summarized is section 1.5. Then, the general logic structure of this Chapter 

can be summarized in Figure 1-2. 
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Figure 1-2  Logic structure of Chapter 1.  
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1.1. The I2ACL Isolated DC-DC Converters 

Isolated dc-dc converters have been extensively applied in modern industrial applica-

tions such as metro vehicles [18], electric vehicles [4, 19, 20], data center [21], and grid 

systems [5, 22-24], etc. Real-world projects can be found like the auxiliary power supply 

of a metro vehicle system shown in Figure 1-3, where the isolated dc-dc power conversion 

stage is employed to replace the traditional line-frequency for lower cost, smaller size, and 

less acoustic noise [18]. Or the utility-service equipment like the back-to-back converter 

system can be shown in Figure 1-4, which is embedded with isolated dc-dc converters to 

solve the power flow balancing problems with asynchronized ac grids [23]. In addition, 

given the great potentials of dc microgrids over conventional ac configurations, more iso-

lated dc-dc converters can be expected to be employed in the dc microgrid as shown in 

Figure 1-5 [24]. 

 

Figure 1-3  Overall system configuration of 210kW auxiliary power supply for metro vehicle system. 

In practice, galvanic isolation is required mainly for safety and grounding reasons. The 

isolated structures offer great flexibility of various grounding techniques on both dc sides, 

as well as easier parallel or series connections [25, 26]. Therefore, the same elementary 

cells can be modularly implemented in the power converter stage with much easier scala-

bility regarding power and voltage ratings. In such a way, the inherent dc-fault blocking 

capability can be acquired naturally since the intermediary ac power stage is embedded 

in the isolated dc-dc stage [27, 28]. Moreover, the intermediary transformer provides high 

flexibility for connecting two dc buses with large voltage differences. Therefore, isolated 

dc-dc converters can serve as universal solutions for applications covering various voltage 

ratings.  
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Figure 1-4  The 6.6 kV back-to-back system in the next-generation medium-voltage power conversion 
system. 

Based on different criterion, isolated dc-dc converters can be classified into different 

types such as resonant/non-resonant dc-dc converters [29, 30], voltage-source/current-

source/impedance-source dc-dc converters [31], etc. In recent years, non-resonant iso-

lated dc-dc converters have drawn some attention in both academic and industry, e.g. full 

bridge dc-dc converter [32], DAB dc-dc converter [1], and their variant topologies [33-

36]. Without losing generality, the simplified circuit of one power-transferred branch in 

the above dc-dc converters can be modeled universally as shown in Figure 1-6, which in-

dicates a strong dynamic equivalence among these converters featuring I2ACL configura-

tion. Compared with the DAB dc-dc converter, the research of advanced dynamic control 

schemes for the other I2ACL dc-dc converters is not mature. Moreover, up to now, the 

dynamic equivalence among these isolated dc-dc converters has not been discovered, let 

alone the unified fast-dynamic control method. 

 

Figure 1-5  The typical dc microgrid system. 
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Figure 1-6  The simplified circuit of one power transferring branch in the I2ACL isolated dc-dc con-
verter. 

 

1.2. The IPOP and IIOP DAB dc-dc Converter Systems 

In this section, the applications of the IPOP DAB dc-dc converter system and the IIOP 

DAB dc-dc converter system are discussed separately. Moreover, the existing dynamic 

control schemes for the IPOP DAB dc-dc converter system are reviewed, and the draw-

backs of these schemes are analyzed. Besides, the requirement of hot swap operation are 

discussed. In addition, the existing dynamic control schemes for the IIOP DAB dc-dc con-

verter are reviewed, and the drawbacks of these schemes are analyzed. Since the IIOP 

DAB dc-dc converter is employed to connect the multiple power sources to the common 

dc voltage terminal, the requirement of independent control of each DAB module is ana-

lyzed for flexible hot-swap operations with uninterrupted power supply.  

 

1.2.1   The IPOP DAB dc-dc Converter System 

Currently, the DAB dc-dc converter is very popular in high-power isolated power con-

version applications. Especially for high current and high-power applications, low power 

DAB dc-dc converters can be flexibly connected in parallel to meet the demand of high-

power load [37, 38], and the IPOP DAB dc-dc converter can be shown in Figure 1-7. 

Similar to other output-parallel converter system, it is critical for IPOP DAB dc-dc con-

verters to determine the transferred power of each DAB dc-dc converter flexibly for de-

sired power sharing performance [26, 37-39]. To realize the power sharing control when 

output terminals of converters are connected in parallel, the droop control strategies are 

the widely applied technologies in distribution systems [40-42]. However, droop controls 

always need current sensors for each converter branch to ensure accurate current or 

power sharing performance, which will result in high cost for converter system with large 

numbers of the DAB dc-dc modules [43, 44]. To omit the current sensor for each dc-dc 
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converter module, a common-duty-ratio concept is introduced to output-parallel dc-dc 

converter for passive power sharing control [38, 45], where circuit parameters for each 

dc-dc converter are regarded as the same. As analyzed in these studies, when parameter 

mismatches among different converter converters are more than 10%, the current or 

power sharing performance becomes poor [44, 46].  

 

Figure 1-7  The topology of IPOP DAB dc-dc converter system. 

A current sensorless parameter estimation with current sharing strategy is proposed 

for the output-parallel DAB dc-dc converter [46]. The core principle of this method is 

reducing phase-shift ratio of one DAB module to a certain value and using another DAB 

converter to compensate. In such a way, relationships among circuit parameters of differ-

ent DAB dc-dc converters can be obtained, and the current or power sharing performance 

can be acquired. However, the disturbances of the output voltage are inevitable during 

the estimating process since this method relies on the system’s transient information. 

Moreover, this estimating method is also sensitive to the variation of load resistor because 

load current is not measured as the feedback value to track the expected required com-

pensation value of transferred power. On the other hand, without current sensor for each 

DAB module, a model predictive control with power self-balancing performance for the 

IPOP DAB dc-dc converter system is proposed for power balancing control [47]. However, 
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important for the converter system with multiple converter modules [48-50]. Similarly, 

the plug-in and plug out control for the IPOP DAB dc-dc converter should be discussed.  

 

1.2.2   The IIOP DAB dc-dc Converter System 

In recent years, there is a rapid development of renewable energy system such as pho-

tovoltaics (PV), wind turbine (WT) energy and fuel cell, to reduce the reliance on fossil 

fuels [51-55]. Since these power sources are usually generated as dc power before trans-

mission, dc microgrids is currently considered to be an efficient method for integrating 

distributed renewable resources with less power conversion stages and without tradi-

tional issues such as harmonics, synchronization, and unbalance [56-58]. 

To guarantee the reliable operation and power quality of the microgrid, it is important 

to mitigate the power fluctuation caused by these renewable energy sources and provide 

a stable dc-bus voltage. Therefore, the energy storage system (ESS) is usually an indis-

pensable part of the dc microgrid to balance the power flowing between the renewable 

energy source and the load system [59-62]. The typical configuration of the dc microgrid 

with ESS can be shown in Figure 1-8, where the ESS is usually based on multiple energy 

storage units (ESUs) [61-64]. For the ESS, there are always two main objectives including 

maintaining the dc-bus voltage and configuring the power sharing performance of differ-

ent ESUs. 

 

Figure 1-8  The isolated microgrid with the ESS established by multiple ESUs. 

In the islanded dc microgrid with ESS, most research focuses on the traditional dc-dc 

converters such as buck and boost converters for realizing the bidirectional power 
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transmission between dc grid bus and ESS and maintaining the dc grid voltage under 

different transient conditions [65-67]. However, these traditional dc-dc converters can-

not provide electric isolation. Currently, the DAB dc-dc converter with the symmetric, 

isolated, and bidirectional characteristics becomes a promising candidate for the dc 

power system [1, 5, 22], which can form cascading or paralleling configurations for differ-

ent voltage-level requirements. Since the soft switching performance can also be easily 

implemented, the high efficiency and high-power density are the advantages of this con-

verter. Moreover, the ultrafast dynamic performance under input-voltage or load disturb-

ances of DAB dc-dc converter can be very easily achieved, which can boost the robustness 

of the dc microgrid [68-70]. 

 

Figure 1-9  The topology of the IIOP DAB dc-dc converter system. 

The IIOP DAB dc-dc converter system can be shown in Figure 1-9, which can be em-

ployed to connect the multiple energy sources and the dc-link terminal. For the parallel 

DAB dc-dc converter system, centralized optimized dynamic control strategies with one 

centralized proportional-integral (PI) controller have been proposed [25, 26, 47], where 

the fast-dynamic performance can be provided for ensuring a strong dc-bus voltage. How-

ever, when a new DAB-based ESU should be plugged in for extending the power capacity 

of the ESS, the reprogramming operation is unavoidable with one centralized PI control 

structure, which is not suitable for the islanded dc microgrid. For this condition, the droop 

control concept may be a promising candidate. When the steady-state condition of the 

isolated microgrid system is achieved, the power sharing performance of the energy 
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storage system can be determined by the droop coefficients [71, 72]. Sometimes, the 

power sharing performance under the droop concept is degraded by the line impedance 

since the measured dc bus voltages for different energy storage unit may be different 

caused by the line impedance. Therefore, an accurate power sharing control method is 

proposed to reduce the impact of the line resistance by adding the line resistor in the 

droop control structure [73]. Nevertheless, the accurate line resistors may be difficult to 

obtain in practical application, and these line resistors are changed with the temperature 

and the network structure of the power system. Further, an improved droop control 

method with low bandwidth communication is proposed to detect the actual output volt-

age of each energy storage module and adjust the droop coefficient for accurate current 

sharing performance [74]. Then, when the centralized energy storage system is adopted, 

the line impedance can be neglectful, and with suitable droop coefficients, the accurate 

power sharing performance among different energy storage units can be acquired. There-

fore, the study of droop control concept should be presented for the IIOP DAB dc-dc con-

verter system with decentralized control system for flexible hot-swap operations with un-

interrupted power supply, especially when a new DAB unit should be plugged in this con-

verter system for higher power capacity 

 

1.3. The IPOS and ISOP DAB dc-dc Converter Systems 

In this section, the applications of the IPOS DAB dc-dc converter system and the ISOP 

DAB dc-dc converter system are discussed separately. Moreover, the existing dynamic 

control schemes for the IPOS DAB dc-dc converter system are reviewed, and the draw-

backs of these schemes are analyzed. In addition, the existing dynamic control schemes 

for the ISOP DAB dc-dc converter are reviewed, and the drawbacks of these schemes are 

analyzed. Furthermore, to ensure the accuracy of the desired power sharing performance, 

the inductance estimating scheme should be further studied for the ISOP DAB dc-dc con-

verter system. 

 

1.3.1   The IPOS DAB dc-dc Converter System 

Along with the development of renewable energies such as wind turbine energy and 

solar energy [75], the dc power distribution system has been a promising alternative to 
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collect, transfer and distribute these energies. Since these power sources always generate 

unstable electrical power, the ESS system has become an essential technology to boost 

robustness and stability of dc power distribution system [76]. The ESS components such 

as batteries and super capacitors always offer low output voltage. Therefore, the output-

series dc-dc converters with independent or common input terminals and modular mul-

tilevel converter isolated dc-dc converter system can be employed to connect the low volt-

age dc (LVDC) component and the medium voltage dc (MVDC) bus [77-79]. 

For the output-series dc-dc converter, some strategies are presented to deal with the 

voltage sharing performance for the input-series structure [80, 81]. These strategies usu-

ally focus on the input side of converter system, and the output voltage sharing is naturally 

allocated by obeying the Conservation of Energy Principle. Therefore, these schemes are 

not completely suitable for the output-series dc-dc converters with independent or com-

mon input terminals. Moreover, based on the PI controller, some methods are presented 

to address the output voltage sharing performance for input-parallel-output-series dc-dc 

converter [82-84], but these strategies restrict the dynamic responses of the output-series 

dc-dc converter system without accurate adjustment of capacitor voltages. 

 

Figure 1-10  The topology of the IPOS DAB dc-dc converter system. 
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DAB dc-dc converter system with ESS system should meet various controlling require-

ments, such as:  

1). The uninterrupted power supply for maintaining the output dc-link voltage.  

2). The tunable power sharing ability for state-of-charge-balancing control of different 

ESS equipment. 

3). The hot swap control of multiple ESS system for maintenance and replacement of 

ESS equipment. 

4). The black-start performance for reducing fluctuations of output capacitor voltages 

during start-up process. 

 

1.3.2   The ISOP DAB dc-dc Converter System 

High-voltage dc converter systems with large voltage turn ratio are extensively used in 

some power electronic applications such as rail transit system, energy storage system, and 

microgrids [26, 87-90]. Based on ISOP structure, the power electronic transformers with 

electric isolation become a promising candidate for connecting the MVDC and the LVDC 

in these converter systems [91, 92]. Generally, compared with other isolated dc-dc con-

verters, the DAB is more suitable for high power application with high efficiency, bidirec-

tional operation, and fault isolation [1, 5]. So, this work focuses on the ISOP DAB dc-dc 

converter as shown in Figure 1-11 for providing stable power to the LVDC side.  

 

Figure 1-11  The topology of the ISOP DAB dc-dc converter system. 
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With equivalent power sharing control for ISOP converter system, the equivalent utili-

zation of components can be ensured, and the over-voltage over-current issues can be 

avoided for each converter module [93]. Traditionally, the common duty-ratio operation 

can be employed to realize power balance performance in parallel/series dc-dc converter 

system [94, 95], which can significantly reduce the design cost of the controller system. 

However, the power balance performance is sensitive to the parameter mismatch, espe-

cially for the ISOP DAB dc-dc converter system, and the transient process may result in 

instability under common duty ratio control [38, 96]. 

To realize positive power sharing control operation, there are two main ways to realize 

the power balance control for the ISOP dc-dc converter including the positive input-volt-

age control scheme [97-100] and the positive transferred-current control scheme [41, 101-

104]. For the positive input-voltage control scheme, these existing control strategies can 

be divided into two groups including the input voltage direct control [97, 98] and the in-

put-voltage droop control [99, 100]. Moreover, for the positive transferred-current con-

trol scheme, there are also two categories including the transferred-current direct control 

[101] and the transferred-current droop control [41, 104]. In [97], a simple sensorless 

current mode control scheme is proposed for guaranteeing stable sharing performance of 

the ISOP dc-dc converter system. Similarly, based on the same outer control structure, an 

input voltage sharing control method is proposed for the ISOP forward dc-dc converter 

system [98], and the equivalent input voltages can be obtained. For modular converter 

system, the droop control concept is also a potential candidate for realizing the power 

balance performance. Based on the droop structure, a wireless input voltage sharing con-

trol method is proposed for the isolated dc-dc converter [99], and a similar decentralized 

control method is proposed for ISOP DAB dc-dc converter system. Moreover, by directly 

controlling the transferred current, the power balance operation can be realized, but the 

converter system prefers to be unstable with the negative resistance model [105]. So, a 

transferred-current differential control scheme is proposed to address this issue [101]. 

Furthermore, the transferred-current droop control method can be employed to achieve 

the power balance control for ISOP dc-dc converter [104]. A decentralized inverse-droop 

control method is proposed for balancing power sharing of the ISOP isolated dc-dc con-

verter [41]. 
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Since the transferred current of the DAB dc-dc converter contains the ac current, the 

transferred-current-based control should be not suitable. Moreover, the droop-based 

control scheme usually results in poor dynamic and steady-state performances [106]. So, 

the input-voltage direct control may be the most suitable control for the ISOP DAB dc-dc 

converter [97, 98], but the decoupling between the regulation of input voltage and the 

adjustment of output voltage in the traditional way may result in a bad transient process. 

So, a novel input voltage sharing control is proposed to decouple with the output voltage 

regulation as shown in Figure 1-12 [107, 108]. However, since the PI controller for adjust-

ing the input voltage of the first two modules is employed to determine the phase-shift 

ratio not the transferred power, the influence on the output voltage is also obvious. In 

addition, these existing strategies are more focusing on the power sharing performance, 

and the fast-dynamic response for the ISOP DAB dc-dc converter is not studied for deal-

ing with the disturbances of the input voltage and the load current. Furthermore, as dis-

cussion for the IPOP DAB dc-dc converter, the inductance-estimating method should also 

be studied for ensuring the power sharing performance of the ISOP DAB dc-dc converter. 

 
Figure 1-12 The traditional decoupling compensation structure for ISOP DAB dc-dc converter system 
with three modules. 

 

1.4. The DAB-based PPP Converter System with Robust 

DC-Link Voltage 

With the appeal of carbon neutrality, the installation of renewable energy systems has 

steadily increased over recent years [51]. Among the renewable energy sources such as 

photovoltaic (PV) and fuel cell, PV energy has become one of the most important energy 

sources, especially for the residential PV grid-tied system [52, 53], the railway electrifica-

tion system [109], and the electric vehicles charger system [110]. In most applications, PV 

panels are connected in series for achieving higher voltages as shown in Figure 1-13(a) 
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[111, 112]. However, because of some undesired factors such as manufacturing tolerances, 

partial shading and nonuniform aging, the caused mismatch in the PV cells will restrict 

the total output power of these current-sharing panels. 

Although the bypass diodes as shown in Figure 1-13(a) can reduce the loss of the output 

power, the power losses are still high without a positive control, especially for the series-

connected PV panels since the total available power of one cell-string may be bypassed 

for a small difference [113]. Moreover, with bypass diodes, the power-voltage curve will 

become complicated with several peak points, so it will be more difficult to realize the 

global maximum power transmission for the PV system [114]. To deal with this issue, the 

differential power processing (DPP) technique is a promising technique for realizing the 

individual maximum power point tracking (MPPT) control [115-117], where the DPP mod-

ules are isolated dc-dc converters. These isolated converters are employed to process only 

the mismatching power among PV panels under the MPPT controls, which can reduce the 

power rating of these converters and improve the efficiency of the PV-based system [118]. 

The typical DPP architectures can be shown in Figure 1-13(b) as the PV-to-isolated port 

(PV-IP) structure and Figure 1-13(c) as the PV-bus structure. In the PV-IP architecture, 

the string current is determined by the output power of the PV panels with MPPT, and 

the string current of the PV-bus structure can be adjusted flexibly. Thus, by optimizing 

the string current of PV-bus architecture, the efficiency of the PV-bus architecture can be 

a little higher than that of the PV-IP structure [17, 119]. For these distributed PV architec-

tures as shown in Figure 1-13, the total transferred current to the dc-link terminal is only 

from the PV modules, and under MPPT performance, this current is uncontrollable. 

Therefore, these PV structures are not suitable for the islanded dc microgrid, where the 

constant dc-link voltage is required. 

                 
(a). PV-D structure.          (b). PV-IP structure.          (c). PV-Bus structure. 

Figure 1-13 The existing distributed PV architectures for MPPT performance. 
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Although there are lots of existing literatures focusing on the partial power processing 

(PPP) converter system for PVs, there seems no existing literature which can provide the 

constant dc-link voltage with the PPP technique. Therefore, to deal with this issue, a PPP 

converter system with adjustable dc-link voltage for islanded dc microgrid is proposed as 

shown in Figure 1-14, which can also act as an alternative scheme when the electricity 

consumer loses the support of the strong ac grid system. Different from the PV-bus struc-

ture, the proposed PPP converter system adopts an energy storage system such as batter-

ies to control the string current. Moreover, the additional dc-dc converter is in series with 

the PV panels, which can be employed to adjust the total dc-link voltage, and this addi-

tional converter system can be the ISOP dc-dc converter for different applications. Simi-

larly, these adopted dc-dc converters should be isolated in the proposed PPP converter 

system with adjustable dc-link voltage. 

 
Figure 1-14  The proposed PPP converter system with robust dc-link voltage for islanded dc microgrid. 

 
Figure 1-15  The topology of the proposed DAB-based PPP converter system with adjustable dc-link 
voltage. 
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In addition, since the ultrafast dynamic performance under input-voltage or load dis-

turbances of the DAB dc-dc converter can be easily achieved, the proposed PPP converter 

system with DAB modules can be shown in Figure 1-15 for the stabilized dc microgrid [68-

70], where the PV panels can be replaced by other renewable energy sources with current 

output and limited voltage regulating requirement such as fuel cell and wind turbine with 

ac-dc conversion. As shown in Figure 1-15, the mth DAB module is adopted to adjust the 

total dc-link voltage, and other DAB modules are employed to realize the independent 

control of the renewable energy source such as MPPT for the PV panels. Moreover, to 

boost the dynamic performance of this DAB-based PPP converter system, the high-ro-

bustness control strategy should be proposed for maintaining the dc-link voltage when 

the working condition of the renewable energy source, the voltage of the battery, and the 

load condition are changed.  

 

1.5. Research Objectives and Contributions 

The DAB dc-dc converter has become a promising candidate for dc-dc applications, so 

there are lots of existing literatures which focus on the fast-dynamic response for the sin-

gle DAB module in the past thirty years [5, 68, 120, 121]. Meanwhile, some existing dc-dc 

converters featuring I2ACL configuration are also proposed for applications like full 

bridge dc-dc converter and three-phase DAB dc-dc converter. However, these I2ACL dc-

dc converters still need of further study. Besides, the dynamic equivalence between the 

DAB dc-dc converter and other I2ACL dc-dc converters should also be investigated. More-

over, the DAB-based dc-dc converter systems such as IPOP, IIOP, IPOS, and ISOP DAB 

configurations should be studied, especially in terms of fast-dynamic performances. In 

addition, the hot-swap operations and the CPE methods should also be investigated for 

ensuring the performance of these modular DAB dc-dc converter systems. Furthermore, 

a novel DAB-based PPP converter system is introduced for realizing the independent con-

trol of the renewable energy source and the stabilization of the total dc-link voltage sim-

ultaneously. Based on some existing schemes, the requirement of the renewable energy 

source can be addressed, but the robustness control of the total dc-link voltage should be 

further studied. 
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Therefore, to deal with these issues, there are several research objectives and contribu-

tions to this work: 

(1). Unified Fast-Dynamic Direct-Current Control scheme for I2ACL DC-DC Converters 

In Chapter 2, the existing I2ACL isolated dc-dc converters are reviewed thoroughly, 

including unidirectional type and bidirectional type. Besides, the general current trans-

ferred features of these two groups are analyzed, respectively. Then, it can be obtained 

that the transferred current is just influenced by the middle inductance little even during 

the transient process. So, the I2ACL isolated dc-dc converter can be regarded as the first-

order converter. Based on this characteristic, a unified fast-dynamic direct-current 

(FDDC) control scheme is proposed for improving the dynamic performance of these 

I2ACL isolated dc-dc converters. Such a scheme can also facilitate the uniform control 

design for existing or emerging new topologies with the same electrical equivalence. No-

tably, with this fundamental analysis, the control strategies of the DAB-based dc-dc con-

verter systems such as IPOP, IIOP, IPOS, and ISOP DAB dc-dc converter systems can be 

easily extended to other I2ACL isolated dc-dc converters with the same configurations 

(2). The flexible power sharing control scheme with the fast-dynamic performance for 

the IPOP or IIOP DAB dc-dc converter systems 

A tunable power sharing strategy with fast-dynamic response is proposed for the IPOP 

DAB dc-dc converter system in Chapter 3. Based on this tunable power sharing control 

strategy, excellent dynamic performance under disturbances of the input voltage and the 

load resistor can be achieved. However, inaccurate circuit-parameter information always 

damages the power sharing performance among different DAB modules. Therefore, the 

comprehensive circuit-parameter estimating (CPE) schemes are proposed for different 

conditions of the IPOP DAB dc-dc converter system including the start-up process, the 

working process, and the plugging-in operation of a DAB dc-dc converter, respectively. 

The proposed CPE methods can be employed in the IIOP DAB dc-dc converter system 

with centralized controller. Besides, the hot swap operations of the DAB module is dis-

cussed. In addition, a communication-free power management strategy is proposed to 

maintain the dc-link voltage of the IIOP DAB dc-dc converter system with decentralized 

controllers for each module in Chapter 3. Based on the proposed scheme, the high ro-

bustness of the dc-link voltage can be ensured when the input voltage, the load condition, 
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and the power sharing performance are changed. Meanwhile, the proposed strategy en-

sures seamless plug-in or -out operations of the DAB module with the uninterrupted 

power supply. 

(3). The flexible power sharing control scheme with the fast-dynamic performance for 

the IPOS or ISOP DAB dc-dc converter systems 

A tunable power sharing control strategy of the IPOS DAB dc-dc converter is proposed 

for maintaining the output voltage and managing the power sharing performance in 

Chapter 4. Besides, with a small variant, the proposed scheme can realize the black-start 

operation for this DAB based dc-dc converter system. Based on this variant scheme, the 

synchronous charging of the output capacitors can be achieved. Moreover, an input-ori-

ented power sharing control scheme with fast-dynamic response is proposed for the ISOP 

DAB dc-dc converter system in Chapter 4. Compared with existing methods, this pro-

posed scheme can significantly reduce the coupling between the power sharing control 

and the output voltage regulation. In addition, a general inductance-estimating method 

is proposed for ensuring the power sharing performance of the ISOP DAB dc-dc converter 

system. Similarly, the general inductance-estimating method can also be employed in the 

IPOS DAB dc-dc converter system.  

(4). The Partial Power Processing Converter System with Robust DC-Link Voltage for 

Islanded dc Microgrid 

In Chapter 5, based on the proposed DAB-based PPP converter system, the operating 

principle and simplified circuit of this PPP converter system is discussed at first. Moreo-

ver, to boost the robustness of the dc-link voltage, a high-robustness control strategy is 

proposed for maintaining the total dc-link voltage under different cases: 1). The working 

condition of the renewable energy source is changed. 2). The voltage of the battery is var-

ied. 3). The load condition is changed. In addition, the operation when one renewable 

energy source is out of work is also presented. Notably, the renewable energy should fea-

ture the current output and the limited output-voltage regulation such as PV, fuel cell and 

WT with ac-dc conversion. By using the PV as an example, the function of the novel DAB-

based PPP converter system is investigated, and the effectiveness of the proposed high-

robustness control strategy is verified. 
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Chapter 2  

Unified FDDC Control Scheme for 

I2ACL Isolated dc-dc Converters 

As mentioned in Chapter 1, there are some isolated dc-dc converters which have sim-

ilar dynamic characteristics as the DAB dc-dc converter featuring the I2ACL configuration. 

However, the dynamic improvements of these I2ACL dc-dc converters are limited. Besides, 

the dynamic equivalence between the DAB dc-dc converter and others I2ACL isolated dc-

dc converters should be systematically revealed, which can be the precondition for ex-

tending the control scheme of the modular DAB dc-dc converter systems to other I2ACL 

dc-dc converters with the same configurations such as the IPOP, IIOP, IPOS and ISOP. 

Therefore, in this Chapter, the dynamic equivalence among these I2ACL dc-dc converters 

are verified. Moreover, a unified FDDC scheme is proposed for boosting the dynamic re-

sponse of these dc-dc converters when the input voltage and the load condition are 

changed. 

In this Chapter, the existing I2ACL isolated dc-dc converters are reviewed thoroughly, 

including the unidirectional I2ACL converters and the bidirectional I2ACL converters in 

section 2.1. Moreover, in section 2.2, the general current transferred features of these two-

type converters are discussed, respectively. Since the average transferred current of these 

converters is just influenced by the middle ac inductance a little during transient process, 

the I2ACL isolated dc-dc converter can be regarded as the first-order converter. Then, 

based on the discovered general characteristic, a unified FDDC control scheme is pro-

posed for improving the dynamic performance of these I2ACL isolated dc-dc converters. 

In addition, the specialized design principles of the PI parameters in the unified FDDC 

control method are presented. Finally, to verify the universality and feasibility of the pro-

posed general FDDC control strategy, simulation or experiment results are presented with 

demonstration examples, e.g. full bridge type, DAB-type, and the three-phase DAB type 

dc-dc converters in section 2.3. Then, the general logic structure of this Chapter can be 

summarized in Figure 2-1. 
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Figure 2-1 Logic structure of Chapter 2. 
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2.1. The I2ACL Isolated DC-DC Converters 

In terms of power transferring stages, the I2ACL dc-dc converter can be divided into 

the dc-ac stage and the ac-dc stage. Generally, the voltage-fed switching networks are re-

quired to obtain ac voltage from dc voltage, then the energy conversion between dc power 

and ac power can be realized. Thus, the potential building blocks of the I2ACL dc-dc con-

verter are analyzed firstly in this section. Moreover, based on these blocks, the existing 

unidirectional I2ACL dc-dc converters and bidirectional I2ACL dc-dc converters are re-

viewed. 

                                                                               
     (a). Diode half bridge              (b). Hybrid half bridge.                 (c). Switch half bridge. 

                                             
(d). NPC half bridge.                        (e). T-type half bridge. 

Figure 2-2 The basic half bridges for establishing the switching network for I 2ACL dc-dc converter.  

 

2.1.1   The Potential Half Bridges for the I2ACL Isolated dc-dc Con-

verter 

The existing half bridges which can be employed to build the I2ACL isolated dc-dc Con-

verters are demonstrated in Figure 2-2. Five types can be considered, including the diode-

based half bridge, hybrid half bridge, switch-based half bridge, neutral point clamped 

(NPC) half bridge [122], and T-type half bridge [123]. (It is noted for interested readers 

that other switching networks can also be employed to obtain ac voltage from dc voltage, 

such as multilevel NPC bridge [124] and active NPC bridge [125], etc.) As shown in Figure 

2-2, the first three half bridges can usually achieve two voltage levels as 0 and Udc, and 

the latter two half bridges can usually achieve three voltage levels as 0, Udc/2, and Udc. 

UdcUmp UdcUmp UdcUmp
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Then, based on these half bridges, different switching networks can be obtained for form-

ing ac voltage. 

Basically, combing the series capacitors and the half bridge, the simplest bridges that 

can be obtained for acquiring the ac output voltage is shown in Figure 2-3. The first three 

bridges can obtain the ac voltage by -Udc/2 and Udc/2, and the latter two bridges can gen-

erate the ac voltage by -Udc/2, 0, and Udc/2. Since these bridges are constructed by one 

half bridge in Figure 2-2, the I2ACL dc-dc converter constructed by these bridges can be 

called half-bridge dc-dc converter. 

                                                          
(a). H Bridge with diode bridge.       (b). H Bridge with hybrid bridge. (c). H Bridge with switch bridge. 

                                          
 (d). H Bridge with NPC bridge.                     (e). H Bridge with T-type bridge. 

Figure 2-3 The switching network with one half bridge for forming ac voltage.   

                                                     
(a). Full Bridge with diodes.    (b). Full Bridge with hybrid bridges. (c). Full Bridge with switches. 

                                               
(d). Full Bridge with NPC bridges.                   (e). Full Bridge with T-type bridges. 

Figure 2-4 The switching network with two half bridges for I2ACL dc-dc converter.  

Moreover, based on any two half bridges in Figure 2-2, the full bridges can be acquired. 

Besides, the full bridges with the same half bridge are shown in Figure 2-4, which are the 

Uac Udc Uac Udc Uac Udc

Uac Udc UdcUac

Uac Udc Uac Udc Uac Udc
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most used full bridges for establishing the existing isolated dc-dc converters. Compared 

with the first three H bridges, the latter two H bridges including the NPC full bridges and 

the T-Type full bridges can generate multi-level ac voltages, and the I2ACL dc-dc convert-

ers established by the latter two full bridges are usually called multi-level dc-dc converters. 

Some I2ACL isolated dc-dc converters are established by the full bridges with different 

half bridges, and these full bridges will be mentioned in the review of the specific I2ACL 

dc-dc converters. Similarly, with multiple half bridges, the multi-phase I2ACL dc-dc con-

verter can be acquired. 

In addition, when only diodes are employed to establish the H bridges as shown in Fig-

ure 2-2(a), zero level voltage cannot be provided, which usually limits the voltage range 

of I2ACL dc-dc converters with these diode-based H bridges. Thus, diode-based H bridges 

with extra switches are required to boost the output range of these I2ACL dc-dc converters 

as shown in Figure 2-5. 

                                           
          (a). T-type diode half bridge.                      (b). Diode full bridge with short circuit. 

                                            
(c). T-type diode full bridge I.                       (d). T-type Diode full bridge II. 

Figure 2-5 The switching network based on diode half Bridges embedded with zero -level voltage. 

 
Figure 2-6 The full Bridge with different dc-link voltages. 

Notably, although the half bridges (shown in Figure 2-3~Figure 2-5) usually acquire 

voltage from the same dc bus or capacitor, these half bridges in the same H bridges can 
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connect with different dc buses as shown in Figure 2-6, which may be suitable for appli-

cations with multi-port sources.  

2.1.2   The Unidirectional I2ACL Isolated DC-DC Converters 

In this section, the existing unidirectional I2ACL dc-dc converters are reviewed, and the 

simplified circuit of one branch of these converters can be expressed as shown in Figure 

2-7, where the primary side of the unidirectional I2ACL dc-dc converter is established by 

the controllable switches as shown in Figure 2-2(c)~Figure 2-2(e), and the secondary side 

of the unidirectional I2ACL dc-dc converter is constructed by the uncontrollable diodes as 

shown in Figure 2-2(a)~Figure 2-2(b). Since diodes can only deal with the unidirectional 

power flow, the power of the unidirectional I2ACL dc-dc converter can only be transferred 

from the primary side to the secondary side. Then, the unidirectional I2ACL dc-dc con-

verter is usually employed to connect the renewable sources and the dc links such as pho-

tovoltaic system or fuel cell system for maximum power point tracking performance [9, 

126], and when the unidirectional I2ACL dc-dc converter is connected to the power con-

sumer side, this converter can also be used to adjust the dc-link voltage [127, 128]. 

 
Figure 2-7  The simplified circuit of unidirectional I2ACL dc-dc converters. 

 
Figure 2-8 The topology of the asymmetric half-bridge dc-dc converter with diode half bridge. 

Simply, combining the switching networks as shown in Figure 2-3(a) and Figure 2-3(c), 

the asymmetric half bridge dc-dc converter with diode half bridge can be obtained as 

shown in Figure 2-8 [129]. Further, by switching the secondary-side H Bridge to the diode 

full bridge as shown in Figure 2-4(a), the asymmetric half bridge dc-dc converter with 

diode full bridge can be acquired as shown in Figure 2-9 [129]. Similarly, by switching the 

primary-side H Bridge to the switch full bridge as shown in Figure 2-4(c), the full bridge 

dc-dc converter with diode half bridge can be shown in Figure 2-10 [130]. Besides, 
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combining the switch full bridge and the diode full bridge, the full bridge dc-dc converter 

with diode full bridge can be generated as shown in Figure 2-11 [131], which may be the 

most popular unidirectional isolated dc-dc converter in industrial applications.  

 
Figure 2-9 The topology of the asymmetric half-bridge dc-dc converter with diode full bridge. 

 
Figure 2-10 The topology of the full bridge dc-dc converter with diode half bridge. 

 
Figure 2-11 The topology of the full bridge dc-dc converter with diode full bridge. 

 
(a). Type I.                                                   (b). Type II. 

Figure 2-12 The topology of the three-phase dc-dc converters with diode three-phase bridge.  

 
(a). Type I.                                                    (b). Type II. 

 
(c). Type III.                                                    (d). Type IV. 

Figure 2-13  The topologies of single-phase unidirectional I2ACL dc-dc converters with active boost 
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rectifier. 

Moreover, when the primary side and the secondary side both have three half bridges, 

the three-phase unidirectional dc-dc converter with a three-phase diode bridge can be 

obtained as shown in Figure 2-12(a). By switching the primary-side three-phase bridge to 

three dual active bridges, another three-phase unidirectional dc-dc converter can be ob-

tained as shown in Figure 2-12(b) [132]. 

 
Figure 2-14  The topologies of three-phase unidirectional I2ACL dc-dc converters with active boost 
rectifier. 

 
(a). Type I.                                                    (b). Type II. 

Figure 2-15  The topology of the secondary-side modulated full bridge dc-dc converter. 

 
Figure 2-16  Interleaved full-bridge converter with diode half bridges. 

Since the secondary-side bridges of the topologies as shown in Figure 2-8~Figure 2-12 

are only established by the diodes, these bridges cannot provide zero voltage, which usu-

ally limits the output-voltage range of these converters. Therefore, some extra switches 

can be employed to boost the output range of these converters, and the potential bridges 

can be selected from Figure 2-4 Figure 2-5. Moreover, the full-bridge dc-dc converters 

with active boost rectifier are shown in Figure 2-13 [133, 134]. Similarly, as shown in 

UoUin

UoUin UoUin

UoUin



28 

 

Figure 2-14, a three-phase semi-dual active bridge dc-dc converter is presented for wide 

input variations and high voltage interface [135]. 

In addition, as shown in Figure 2-6, the half bridges in the same switching network can 

be connected to different dc links, which can be employed in multiple-port converter sys-

tem and can be used to generate multiple-level voltages. Moreover, a secondary-side mod-

ulated full-bridge dc-dc converter is shown in Figure 2-15(a) [136]. However, this full-

bridge dc-dc converter cannot generate symmetrical three-level voltages on the secondary 

side, the modified secondary-side modulated full-bridge dc-dc converters can be shown 

in Figure 2-15(b) [137]. 

With electrical isolation, the unidirectional I2ACL dc-dc converter can be easily de-

signed as a module with parallel or series configurations for high-power and high-voltage 

applications, especially one-side parallel and one-side series [33]. There are also some 

variant unidirectional I2ACL dc-dc converters with multiple H bridges for high-power 

high-voltage applications. An interleaved full-bridge converter with diode half bridges can 

be shown in Figure 2-16 [138], and a full-bridge dc-dc converter with paralleled input 

IGBTs and split secondary windings can be shown in Figure 2-17 [139]. 

 
Figure 2-17 Full-bridge converter with paralleled input IGBTs and split secondary windings.  

 

2.1.3   The Bidirectional I2ACL Isolated DC-DC Converters 

In this section, the existing bidirectional I2ACL dc-dc converters are reviewed, and the 

simplified circuit of one branch of this kind of converter can be expressed as Figure 2-18, 
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where both the primary side and the secondary side of these converters are constructed 

with controllable half bridges as shown in Figure 2-2(c)~Figure 2-2(e). Based on two half 

switch bridges, the symmetrical half-bridge dc-dc converter can be shown in Figure 2-19 

[140]. Then, by changing the primary-side H Bridge as the dual active bridge, the unsym-

metrical dual active bridge dc-dc converter can be shown in Figure 2-20 [141]. Moreover, 

when both sides are dual active bridges, the dual active bridge dc-dc converter can be 

acquired as shown in Figure 2-21 [142], which is regarded as one of the most promising 

dc-dc converters. 

 
Figure 2-18 The simplified circuit of bidirectional I2ACL dc-dc converters. 

 
Figure 2-19 The topology of the symmetrical half-bridge dc-dc converter. 

 
Figure 2-20 The topology of the unsymmetrical dual-active-bridge dc-dc converter with switch half 
bridge. 

 
Figure 2-21  The topology of the dual active bridge dc-dc converter. 

Similarly, when the primary side and the secondary side both have three half bridges, 

the well-known three-phase dual-active bridge dc-dc converter can be shown in Figure 

2-22(a) [10]. Then, by switching the primary-side three-phase bridge as three dual active 
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bridges, another three-phase bidirectional dc-dc converter can be obtained as shown in 

Figure 2-22(b) [143]. 

 
(a). Type I.                                                    (b). Type II. 

Figure 2-22  The topology of the three-phase dual active bridge dc-dc converters. 

Moreover, based on T-type half bridge and NPC half bridge as shown in Figure 2-2(d) 

and Figure 2-2(e), some multilevel isolated dc-dc converters can be obtained as shown in 

Figure 2-23~Figure 2-26. Combining two T-type half bridge, a three-level symmetrical T-

type isolated dc-dc converter can be shown in Figure 2-23 [144], which has a smaller num-

ber of switches. Besides, by combing the NPC half bridge and the full bridge, a three-level 

unsymmetrical NPC dc-dc converter can be shown in Figure 2-24 [145], which can be 

employed to connect the low voltage bus and the high voltage bus. Moreover, combining 

the full bridge and the full NPC bridge, the five-level unsymmetrical NPC dc-dc converter 

can be obtained as shown in Figure 2-25 [146]. By switching the full NPC bridge to the T-

type bridge, the five-level unsymmetrical T-type DAB dc-dc converter can be obtained as 

shown in Figure 2-26 [147]. In addition, combining two full NPC bridges, the five-level 

symmetrical NPC dc-dc converter can be obtained as shown in Figure 2-27 [148], which 

is a promising candidate for the high voltage dc-dc applications. Similarly, the five-level 

symmetrical T-type dc-dc converter can be obtained as shown in Figure 2-28. 

 
Figure 2-23 The topology of the three-level symmetrical T-type dc-dc converter. 

 
Figure 2-24 The topology of the three-level unsymmetrical NPC dc-dc converter. 
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Figure 2-25 The topology of the five-level unsymmetrical NPC dc-dc converter. 

 
Figure 2-26 The topology of the five-level unsymmetrical T-type dual active bridge dc-dc converter. 

 
Figure 2-27 The topology of the five-level symmetrical NPC dc-dc converter. 

 
Figure 2-28 The topology of the five-level symmetrical T-type dc-dc Converter. 

In addition, based on multiple-winding transformers and different half bridges, some 

I2ACL dc-dc converters can be obtained as shown in Figure 2-29~Figure 2-31, which is 

usually employed to reduce the current stress of the switches or increase the power den-

sity of the converter system. As shown in Figure 2-29, a three-winding-transformer-based 

dual active bridge dc-dc converter is presented for reducing the current stress of switches 

on the secondary side [149]. Moreover, a multi-winding-transformer-based dual active 

bridge dc-dc converter with paralleled output configuration can be shown in Figure 2-30, 

which can be employed to reduce the current stress at the low-voltage side when the dif-

ference between the input voltage and the output voltage is very large [150]. Then, based 

on the three-winding transformer, a three-port dual active bridge dc-dc converter can be 

obtained for arranging the power transmission among three independent dc terminals as 

shown in Figure 2-31 [20].  
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Figure 2-29 The three-winding-transformer-based dual active bridge dc-dc converter. 

 
Figure 2-30 The multi-winding-transformer-based dual active bridge dc-dc converter with paralleled 
output configuration. 

 
Figure 2-31 The three-port dual active bridge dc-dc converter. 

As shown in Figure 2-6, the half bridges in the same switching network can be con-

nected to different dc links, which can be employed in the multi-port converter system 

and can be used to generate multiple-level voltages. Similarly, a secondary-side modu-

lated bidirectional full-bridge dc-dc converter can be shown in Figure 2-32. [136]. 

 
Figure 2-32 The topology of the secondary-side modulated bidirectional full-bridge dc-dc converter. 
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2.1.4   The Summary of the Unidirectional and Bidirectional I2ACL 

Isolated dc-dc Converters 

Based on the previous overview, these existing unidirectional and bidirectional I2ACL 

isolated dc-dc converters can be summarized in Figure 2-33. Based on the voltage level, 

the phase number, and the winding number, these existing topologies are divided into 

five categories including two-level I2ACL converter, three-level I2ACL converter, multi-

level I2ACL converter, multi-phase I2ACL converter, and multi-winding I2ACL converter. 

Generally, the unidirectional I2ACL dc-dc converter can be employed in some unidirec-

tional applications such as PV and fuel cell systems [129-139]. The bidirectional I2ACL dc-

dc converter can be used in some bidirectional applications such as energy storage sys-

tems and dc grid systems [10, 34, 140-148, 150, 151]. According to the voltage value, the 

two-level I2ACL isolated dc-dc converter and the three-level I2ACL isolated dc-dc con-

verter can be employed in some low voltage conditions [131, 133, 140, 144]. Since the 

multi-level I2ACL isolated dc-dc converter can tolerate higher voltage, these converters 

can be suitable for some middle voltage applications [146, 147]. Moreover, compared with 

the single-phase I2ACL isolated dc-dc converter, the multi-phase I2ACL isolated dc-dc 

converter can provide a lower ripple current to the dc-link [135, 143], so a lower dc-link 

capacitor can usually be adopted. Sometimes, multi-ports may be required for connecting 

several voltage sources, where the multi-winding I2ACL isolated dc-dc converters can be 

used for high power density [34, 139, 150]. Compared with the single-phase two-winding 

I2ACL isolated dc-dc converters, the transformer design of the last two types will be usu-

ally more difficult. 

 
Figure 2-33  Detailed classification of the existing I2ACL isolated dc-dc converters. 
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2.2. The Unified FDDC Control Scheme 

In this section, the unified FDDC control scheme is proposed for improving the dy-

namic response of the I2ACL isolated dc-dc converter when the input voltage and the load 

condition are suddenly changed. As shown in Figure 2-7 and Figure 2-18, there is always 

a middle inductance in one power transferring branch of the I2ACL dc-dc converters, so 

the influence on the transient process is analyzed first in this section. Besides, the order 

reducing phenomenon of the I2ACL dc-dc converter can be obtained since the middle in-

ductance can only influence the transient process a little. Moreover, based on this char-

acteristic, a unified FDDC control scheme is proposed for all the I2ACL dc-dc converters 

with the design principle of PI parameters. In addition, since the large efficiency differ-

ence usually influences the proposed general fast-dynamic control strategy, a compensa-

tion operation for efficiency difference is presented for ensuring the dynamic response of 

the proposed FDDC control scheme. 

 

2.2.1   The Power Transferred Characteristics of I2ACL Isolated dc-

dc Converters 

From the previous analysis, there are two kinds of I2ACL dc-dc converters including the 

unidirectional I2ACL dc-dc converter and the bidirectional I2ACL dc-dc converter. Differ-

ent from the unidirectional I2ACL dc-dc converter, both sides of the bidirectional I2ACL 

dc-dc converter can be positively controllable. So, in terms of the transient performance 

when the transferred power of the converter is suddenly changed for dealing with the dis-

turbance of input voltage and load condition, there is a little difference between the uni-

directional I2ACL dc-dc converter and the bidirectional I2ACL dc-dc converter. By using 

the full-bridge dc-dc converter as an example for the unidirectional I2ACL dc-dc converter, 

when the transferred power is suddenly changed with the disturbance of input voltage 

and load condition, the transient waveforms of the full-bridge dc-dc converter can be 

shown in Figure 2-34.  

As shown in Figure 2-34, when the required transferred power of the full bridge is sud-

denly changed, the required transferred power can be usually obtained in the second 

switching period when the phase-shift ratio d is changed. Moreover, in the first switching 
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period, there is additional power stored in the middle inductance, which is transferred 

from the input side to the output side. The additional power Pa can be calculated as, 

 
2 2( )
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p p
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L i i
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T

−
=                                                                  (2-1) 

where ip and i'p are the peak currents of the middle inductance before and after the dis-

turbance of phase-shift ratio d, respectively. The output-voltage disturbance ∆Uo caused 

by the additional power can be expressed as, 
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Figure 2-34 The transient waveforms when the transferred power of the full-bridge dc-dc converter 
is changed. 

As shown in Figure 2-34, the green part of the middle-inductance current usually re-

sults in the output-voltage ripple. So, output-voltage disturbance ∆Uo caused by the ad-

ditional power from the middle inductance is usually similar to the output-voltage ripple, 

and this additional power cannot influence the transient performance of the full-bridge 

dc-dc converter. 

Moreover, by using the DAB dc-dc converter as an example for bidirectional I2ACL dc-

dc converter, when the transferred power suddenly changes for addressing the disturb-

ance of input voltage and load condition, the transient waveforms of the DAB dc-dc con-

verter can be shown in Figure 2-35.  

 
Figure 2-35  The transient waveforms when the transferred power of the DAB dc-dc converter is 
changed. 
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As shown in Figure 2-35, since the input voltage and the output voltage can be regarded 

as the same in a switching period, the transferred power PT of the DAB dc-dc converter 

can be calculated by the new phase-shift ratio D' as, 
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                            (2-3) 

According to (2-3), since the dc offset current of the middle inductance cannot influ-

ence the power transmission of the DAB dc-dc converter, the transferred power of the 

DAB dc-dc converter can be controlled by the phase-shift ratio accurately at the steady-

state condition and during the transient process [69]. In addition, the dc offset of the in-

ductance current can be consumed by the conducting resistor Ron of the DAB dc-dc con-

verter, and since Uab and Ucd are total ac components at steady state condition which can-

not generate dc inductance current, the equivalent circuit can be shown as Figure 2-36. 

Then, the dc offset of the inductance current ∆iL can be consumed by the conducting re-

sistor Ron of the DAB dc-dc converter gradually, which affects the transferred power of 

this converter slightly with the tiny conducting resistor. 

 
Figure 2-36 The equivalent circuit for the dc offset of the inductance current at the steady-state con-
dition. 

Therefore, for the I2ACL dc-dc converter including the unidirectional I2ACL dc-dc con-

verter and the bidirectional I2ACL dc-dc converter, when the transferred power is sud-

denly changed for dealing with the variation of input voltage and load condition, the re-

quired transferred power can be obtained within two switching periods. The required 

transferred current of the I2ACL dc-dc converter can be calculated as, 

 T
T
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P
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U
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In (2-4), since output voltage can remain at its desired value with the sudden change of 

suitable transferred power, the required transferred current can also be obtained within 

two switching periods for a certain phase-shift ratio. Thus, the transferred current iT of 

the I2ACL converter can be directly controlled by the phase-shift value timely. With cur-

rent-level modulation, the I2ACL dc-dc converter can be regarded as the controllable cur-

rent source [152], and the simplified circuit of the I2ACL isolated dc-dc converter can be 

demonstrated in Figure 2-37. So, although there is the middle inductance in the I2ACL 

isolated dc-dc converter, the middle inductance doesn’t influence the transient perfor-

mance of this kind of converter, which is very different from the traditional dc-dc con-

verters such as BUCK and BOOST. Based on this characteristic, the order reducing phe-

nomenon can be obtained, and the fast-dynamic performance can be easily provided for 

the I2ACL dc-dc converter. 

 
Figure 2-37 The simplified circuit of the I2ACL dc-dc converter. 

 

2.2.2   The Unified FDDC Control Method for I2ACL Isolated dc-dc 

Converter 

Based on the power or current transferring characteristic of I2ACL dc-dc converters 

previously, a general FDDC control method is proposed for this type of converters, which 

can be employed to deal with the variations of the input voltage and the load condition. 

To face the load-condition change, the load current can be measured to calculate the de-

sired output current i*o as, 
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where R is the load equivalent resistor. Based on Law of Conservation of Energy, the re-

quired transferred current of the I2ACL dc-dc converter should be the same as the desired 

output current. However, there are always some power losses in the converter system, 
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which results in a little difference between the transferred current and the output current. 

So, the voltage deviation is unavoidable. To compensate for the error caused by the power 

loss and other uncertain values, the PI controller is used for obtaining a compensation 

coefficient kio for acquiring the actual required transferred current. Moreover, the dia-

gram for obtaining the actual required transferred current i*T can be shown in Figure 2-38. 

Moreover, the phase-shift modulation method is the most popular modulation method 

for the I2ACL dc-dc converter, and based on the phase-shift ratio, the transferred current 

of these dc-dc converters can be directly obtained [8]. In reverse, when the required trans-

ferred current is obtained, the phase-shift ratio can be calculated. In addition, the com-

plete diagram of the unified FDDC control method for the I2ACL dc-dc converter can be 

shown in Figure 2-39. 

 
Figure 2-38 The diagram for obtaining the actual required transferred current i*T. 

As shown in Figure 2-39, the general FDDC control scheme can be realized for the 

I2ACL dc-dc converter. At the beginning of each switching period, the input voltage Uin, 

the output voltage Uo and the load current io are measured. Based on the PI controller, 

the compensation factor kio can be obtained by the output voltage Uo and its desired value 

U*o. Then, according to (2-5), the required load current i*o can be calculated by the actual 

load current io, the output voltage Uo and its desired value U*o. Moreover, by combining 

the compensation factor kio and the required load current i*o, the required transferred 

current i*T of the I2ACL dc-dc converter can be obtained. In addition, based on the rela-

tionship between the transferred current iT and the phase-shift ratio of the I2ACL dc-dc 

converter, the required phase-shift ratio can usually be obtained by using the circuit pa-

rameter, the output voltage Uo, the input voltage Uin and the required transferred current 

i*T. Finally, based on the phase-shift modulation part, the required transferred current i*T 

can be realized, which can meet the requirement of the load consumption. Thus, the ul-

trafast dynamic response can be provided for the I2ACL dc-dc converter when the input 

voltage and load condition are changed. Besides, since the compensation part is 
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multiplied with the feed-forward load current, this unified FDDC control scheme is not 

sensitive to the circuit parameter [69, 128]. 

 
Figure 2-39 The diagrams of the unified FDDC control schemes for the I2ACL dc-dc converter. 

 

2.2.3   The Design Principle of PI Parameters 

As shown in Figure 2-39, when the transferred power of the I2ACL dc-dc converter is 

controlled by the phase-shift ratio accurately and timely, the middle inductance can be 

omitted in its simplified circuit. Then, only the output capacitor can influence the dy-

namic performance of the I2ACL dc-dc converter, and the dynamic model of the output 

capacitor can be expressed as, 

 o
o T o

dU
C i i

dt
= −                                                                  (2-6) 

Based on the proposed general fast-dynamic control scheme, the transferred current of 

the I2ACL dc-dc converter can meet the requirement of the load condition immediately, 

and according to (2-6), the disturbance of output voltage during the transient process is 

limited. Therefore, the PI parameters in the general fast-dynamic control scheme cannot 

be determined based on the transient process, which is different from the traditional way 

of designing the PI parameter. 

Moreover, when the measurement noise is considered, there should be irregular oscil-

lations in phase-shift ratio at steady-state conditions, which may result in the irregular 

oscillations of output voltage. With the filter function of the output capacitor, the oscilla-

tion of the output voltage can be avoided, but irregular oscillations in the phase-shift ratio 

are inevitable. Thus, the disturbances of the phase-shift ratio ∆PSR caused by the meas-

urement noises should be treated as a criterion to evaluate the stability of the I2ACL dc-

dc converter. Then, the disturbance of required transferred current ∆i*T caused by the 

measurement noise of output voltage Uom can be expressed as, 
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where ki is the integral parameter and kp is the proportional parameter of the PI controller. 

Based on the relationship between the transferred power and the phase-shift ratio of 

I2ACL dc-dc converter, the disturbance of phase-shift ratio ∆PSR can be obtained by using 

the required transferred current i*T and its disturbance ∆i*T as, 

* *

limtPSR ( , ) PSRT Tf i i =                                                       (2-8) 

where ∆PSRlimt is the limited value of the disturbance of the phase-shift ratio caused by 

the measurement noise of the output voltage. Combining (2-7) and (2-8), ki and kp should 

meet the requirement as, 
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                                                           (2-9) 

According to (2-9), the upper limitation of ki and kp can be obtained, and then, the dis-

turbance of the phases-shift ratio can be restricted. 

 

2.2.4   The Compensation Operation for The Efficiency Difference 

Caused by The Power Loss 

In the proposed general fast-dynamic control scheme, the PI controller is employed to 

compensate the difference between the transferred current iT and the output current io 

caused by the power loss, and the efficiency η of the I2ACL dc-dc converter can be approx-

imatively expressed as, 

1o o o

T o T io

P U i

P U i k
  = =                                                                     (2-10) 

According to (2-10), when the efficiency η of the new steady-state condition is a little 

different from its previous value, the new compensation coefficient kio should also be a 

little different from its previous value. Besides, when the input voltage and load condition 

are changed, more time is needed for obtaining the required coefficient kio based on the 

PI controller. Therefore, to reduce the settling time under the general fast-dynamic con-

trol scheme, a general compensation method is proposed for the I2ACL dc-dc converter. 

As shown in Figure 2-37, the relationship among the transferred current iT, the capacitor 

charging current iCo, and the load current io can always be expressed as, 

Co T oi i i= −                                                                              (2-11) 
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Moreover, with the output capacitor Co, the output voltage of the I2ACL dc-dc converter 

can be kept at its desired voltage in the previous switching periods after the variation of 

the input voltage or the load resistor. Therefore, when the capacitor charging current iCo 

is not equivalent to zero, the transferred current iT of the I2ACL dc-dc converter should 

compensate for this capacitor current iCo. Thus, the transferred current iT can be ex-

pressed as, 

= ( )o
T io o Co io o o o

s

C
i k i i k i U U

T
− = − −                                              (2-12) 

here U'o is the measured output voltage in the last switching period. The required com-

pensation coefficient can be expressed as, 

1
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i T
 − −                                               (2-13) 

When the load current io or the input voltage Uin is changed, (2-13) can be used to cal-

culate the required compensation coefficient kio for dealing with the efficiency difference 

under different conditions for the I2ACL dc-dc converter. Moreover, as shown in Figure 

2-34, the status of the inductance current is changed when the load current is varied, and 

according to (2-1), the additional power from the inductance is transferred to the output 

side. Thus, (2-12) becomes inaccurate, and the expected transferred current of the unidi-

rectional I2ACL dc-dc converter also becomes inaccurate. Therefore, the compensation 

operation should be used after several switching periods until the peak value of the in-

ductance current becomes stable. In addition, in the actual converter system, the meas-

urement noise is unavoidable. To calculate the capacitor charging current iCo with higher 

accuracy, (2-13) should be further expressed as, 
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Based on the compensation method, the influence caused by the efficiency difference 

can be reduced. Moreover, it can also be employed to reduce the influence caused by mid-

dle inductive energy release for unidirectional I2ACL isolated dc-dc converter. 
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2.2.5   The Implementing Procedures of the Unified FDDC Control 

Scheme for I2ACL-Type Converter 

In previous sections, the general FDDC control scheme is proposed for the I2ACL iso-

lated dc-dc converters. Besides, the design principle of PI parameters and the compensa-

tion method for ensuring the performance of the unified method is also presented. Based 

on these contents, the detailed implementing procedures of the unified FDDC control 

scheme for arbitrary I2ACL isolated dc-dc converter are demonstrated as shown in Figure 

2-40.  

 
Figure 2-40 The implementing procedures of the unified FDDC control scheme for I 2ACL-type iso-
lated dc-dc converter. 

If the simplified circuit of an existing isolated dc-dc converter can be simplified as 

shown in Figure 2-7 or Figure 2-18, this converter can be classified as the I2ACL isolated 

dc-dc converter. Firstly, the modulation method of this converter should be determined, 
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and generally, the phase-shift modulation method is the most suitable modulation 

method for the I2ACL converter. Based on the employed phase-shift modulation method, 

the relationship between the transferred current and the phase-shift ratio should be de-

termined, which can be usually found in the existing study [34, 36, 128, 135]. Moreover, 

to realize the proposed unified FDDC control scheme, the phase-shift ratio should be cal-

culated by the transferred current, which can be employed to connect the outer-loop con-

trol value and the phase-shift ratio as shown in Figure 2-39. Moreover, according to (2-9), 

the upper limitations of the PI parameters can be determined. Further, the proposed uni-

fied FDDC control scheme can be obtained for this specific I2ACL isolated dc-dc converter. 

Sometimes, the I2ACL dc-dc converter may perform at many different efficiencies under 

different loading conditions, which influences the dynamic performance of the proposed 

scheme a little, especially for the unidirectional I2ACL dc-dc converter. So, the presented 

compensation operation as shown in section 2.2.4 can be employed to reduce this influ-

ence, which is based on the disturbance of output-capacitor voltage. Finally, the imple-

menting procedures of the proposed FDDC control scheme can be employed to a specific 

I2ACL dc-dc converter. 

 

2.3. Verification 

In this section, by using some popular I2ACL dc-dc converters including the full-bridge 

dc-dc converter, the DAB dc-dc converter, and the three-phase DAB dc-dc converter as 

examples, the proposed unified FDDC control strategy is verified. 

 

2.3.1   Experiment Results of Full-Bridge dc-dc Converter 

For the full-bridge dc-dc converter as shown in Figure 2-11, the transferred current IT 

can be calculated as, 
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According to (2-15), the transferred current IT of the FB dc-dc converter is not mono-

tone decreasing along with the increasing of the phase-shift ratio d. To design the control 

system simply, a middle variable φ can be employed to replace the phase-shift d as, 

1d = −                                                                             (2-16) 

The positive correlation between φ and IT can be calculated as, 
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                                  (2-17) 

According to (2-17), the required middle variable φ for the certain transferred current 

can be shown as, 
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         (2-18) 

Combining Figure 2-39(b), (2-5) and (2-18), the FDDC control scheme for full-bridge 

dc-dc converter can be shown in Figure 2-41.  

 
Figure 2-41 The control block of the FDDC scheme for the full-bridge dc-dc converter. 

Moreover, the circuit parameters of the full-bridge dc-dc converter can be shown in 

Table 2-I. As the analysis in section 2.2.1, the middle inductance of the unidirectional 

I2ACL dc-dc converter releases the storage power during the transient process, which may 

influence the dynamic performance. So, for the full-bridge dc-dc converter, the experi-

ment results under the FDDC control strategy without or with the compensation opera-

tion as shown in section 2.2.4 are provided. Moreover, based on the FDDC control scheme, 

the corresponding experiment results when the input voltage and the load resistor of the 
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full-bridge dc-dc converter are changed can be shown as Figure 2-42, Figure 2-43, Figure 

2-44, and Figure 2-45, respectively. 

When the load resistor R is selected as 40Ω, the experiment results under the FDDC 

control scheme without compensation operation and the FDDC control scheme with com-

pensation operation when the input voltage Uin is changed between 40V and 60V can be 

shown in Figure 2-42 and Figure 2-43 As shown in Figure 2-42(a) and Figure 2-43(a), 

when the input voltage is changed, the output-voltage disturbances under the FDDC con-

trol scheme without compensation operation are bigger than 0.5V, and the settling times 

are obvious. Then, with compensation operation, the output-voltage disturbances under 

the FDDC control scheme when the input voltage is changed are very small, and the set-

tling times can be omitted as shown in Figure 2-42(b) and Figure 2-43(b). 

Table 2-I   Circuit Parameters of the Full Bridge dc-dc Converter 

Parameter Value 

Switches SCT3080 

L 50μH 

n 2 

fs 10kHz 

U*
o 50V 

Co 1mF 

R 12Ω or 40Ω 

kp, ki  0.05, 0.005 

 

      
(a). The FDDC control strategy without compensation. 

 
 (b). The FDDC control strategy with compensation. 

Figure 2-42 The experiment results when the input voltage is changed from 60V to 40V. (a) (b). (Uin: 
50V/div; iL: 30A/div; Uo: 20V/div; Uoac: 2V/div; io: 2A; t: 20ms/div) 

In addition, when the input voltage Uin is selected as 50V, the experiment results under 

the FDDC control scheme without compensation operation and the FDDC control scheme 

with compensation operation when the load resistor R is changed between 12Ω and 40Ω 
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can be shown in Figure 2-44 and Figure 2-45. As shown in Figure 2-44(a) and Figure 

2-45(a), when the load resistor is changed, the output-voltage disturbances under the 

FDDC control scheme without compensation operation are bigger than 0.8V, and the set-

tling times are obvious. Moreover, with compensation operation, the output-voltage dis-

turbances under the FDDC control scheme when the load resistor is changed are very 

small, and the settling times can be omitted as shown in Figure 2-44(b) and Figure 

2-45(b). 

 
(a). The FDDC control strategy without compensation. 

 
(b). The FDDC control strategy with compensation. 

Figure 2-43 The experiment results when the input voltage is changed from 40V to 60V. (Uin: 50V/div; 
iL: 30A/div; Uo: 20V/div; Uoac: 2V/div; io: 2A; t: 20ms/div) 

 
(a). The FDDC control strategy without compensation. 

 
(b). The FDDC control strategy with compensation. 

Figure 2-44 The experiment results when the load resistor is changed from 40Ω to 12Ω. (Uin: 50V/div; 
iL: 30A/div; Uo: 20V/div; Uoac: 2V/div; io: 2A; t: 20ms/div) 
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(a). The FDDC control strategy without compensation. 

 
(b). The FDDC control strategy with compensation. 

Figure 2-45 The experiment results when the load resistor is changed from 12Ω to 40Ω. (Uin: 50V/div; 
iL: 30A/div; Uo: 20V/div; Uoac: 2V/div; io: 2A; t: 20ms/div) 

 

2.3.2   Experiment Results of DAB dc-dc Converter 

For the DAB dc-dc converter as shown in Figure 1-1, the transferred current IT under 

the single-phase-shift modulation method can be expressed by the phase-shift ratio D as, 
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Combining Figure 2-39, (2-5)  and (2-20), the FDDC scheme for the DAB dc-dc con-

verter can be shown in Figure 2-46.  

 
Figure 2-46 The control block of the FDDC scheme for the DAB dc-dc converter. 
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Moreover, the circuit parameters of the DAB dc-dc converter in simulation model can 

be shown in Table 2-II. Then based on the FDDC control scheme for DAB dc-dc converter, 

the corresponding simulation results when resistor load, the constant current load (CCL) 

and constant power load (CPL) of the DAB dc-dc converter are changed can be shown in 

Figure 2-47. As shown in Figure 2-47(a), when the resistor load is changed between 10Ω 

and 100Ω, the CCL is changed between 1A and 10A and the CPL is changed between 0.5kW and 

5kW, the output-voltage disturbances are smaller than 1V as shown in Figure 2-47(b). So, the 

output voltage can be regarded as maintaining at its desired value when the load condi-

tions are changed, and the excellent dynamic performance can be obtained under the pro-

posed FDDC control scheme. 

TABLE 2-II   CIRCUIT PARAMETERS OF THE DAB DC-DC CONVERTER IN SIMULATION MODEL. 

Parameter Value 

Conduction resistor of Switches 30mΩ 

L 80 μH 

C 1mF 

n 2 

fs 10 kHz 

R 10 Ω ~ 100 Ω 

Uin 200V 

U*
o 200V 

kp 0.05(io>0), -0.05(io≤0) 

ki 0.005(io>0), -0.005(io≤0) 

CPL 0.5kW~5kW 

CCL 1A~10A 

 

           
        (a). Load current.                                                             (b). Output voltage. 

Figure 2-47 The simulation result under FDDC control scheme for DAB dc-dc converter. 

Moreover, the circuit parameters of the DAB dc-dc converter can be shown in Table 

2-III. Since DAB dc-dc converter can usually illustrate high efficiency for a large power 

range, the FDDC scheme is enough for ensuring the fast-dynamic performance when the 

input voltage and the load resistor are changed. Then based on the FDDC control scheme 

for DAB dc-dc converter, the corresponding experiment results when the input voltage 

and the load resistor of the DAB dc-dc converter are changed can be shown in Figure 2-48. 
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When the load resistor R is 20Ω, the experiment results under the FDDC control 

scheme when the input voltage Uin is changed between 60V and 80V can be shown as 

Figure 2-48(a) and Figure 2-48(b), where the output voltage can be kept at its desired 

value. Moreover, when the input voltage Uin is 60V, the experiment results under the 

FDDC control scheme when the load resistor R is changed between 20Ω and 100Ω can be 

shown as Figure 2-48(c) and Figure 2-48(d), where the output-voltage disturbance can 

be neglected. Therefore, based on the general FDDC control scheme, an excellent dynamic 

control scheme can be provided for the DAB dc-dc converter when the input voltage and 

the load resistor are changed. 

TABLE 2-III   CIRCUIT PARAMETERS OF THE DAB DC-DC CONVERTER IN EXPERIMENTAL PLATFORM. 

Parameter Value 

Switches SCT3080KL 

L 50 μH 

n 2 

fs 40 kHz 

R 20 Ω ~ 100 Ω 

Uin 40 V ~ 50 V 

U*
o 80 V 

kp 0.05 

ki 0.005 

 

        
(a). Uin: 80V→60V.                       (b). Uin: 60V→80V. 

        
(c). R: 20Ω→100Ω.                        (d). R: 100Ω→20Ω. 

Figure 2-48 The experiment result under FDDC control scheme for DAB dc-dc converter. (Uin and 
Uo: 20V/div; io: 2A/div; iL: 5A/div; t: 2ms/div) 

 

2.3.3   Simulation Results of Three-Phase DAB dc-dc Converter 

For the three-phase dc-dc converter as shown in Figure 2-22(a), the transferred current 

IT under the single-phase-shift modulation method can be expressed by the phase-shift 

ratio D as, 
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The phase-shift ratio D of the three-phase DAB dc-dc converter can also be calculated 

by the transferred current as, 
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Combining Figure 2-39, (2-5)  and (2-22), the FDDC scheme for the three-phase DAB 

dc-dc converter can be shown in Figure 2-49.  

 
Figure 2-49 The control block of the FDDC scheme for the three-phase DAB dc-dc converter. 

The circuit parameters of the three-phase DAB dc-dc converter can be shown in Table 

2-IV. Since three-phase DAB dc-dc converter can usually have high efficiency for a large 

power range, the FDDC scheme is enough for ensuring the fast-dynamic performance 

when the input voltage and the load resistor are changed. Moreover, based on the FDDC 

control scheme for the three-phase DAB dc-dc converter, the corresponding experiment 

results when the input voltage and the load resistor of the three-phase DAB dc-dc con-

verter are changed can be shown in Figure 2-50 and Figure 2-51, respectively. 

Table 2-IV   Circuit Parameters of the Three Phase DAB dc-dc Converter. 

Parameter Value 

Switches SCT3080 

L 50μH 

n 1 

fs 10kHz 

Uin 100V~120V 

U*
o 100V 

Co 2mF 

R 12Ω~200Ω 

Um (Measurement noise in voltages) ±0.5V 

Ron (Conduction resistor in switch) 50mΩ 

kp, ki 0.1, 0.01 

 

 

PI
eu

U
*

o

Uo

kio
Eq. (2-22)

i
*

o

i
*

T

Uo Uin

D

Circuit Parameter: L, n

Three Phase 

DAB dc-dc 

Converter
Uo

io iT 

C

Eq.(2-5)
io



51 

 

When the load resistor R is 12Ω, the simulation results under the FDDC control scheme 

when the input voltage Uin of the three-phase DAB dc-dc converter is changed between 

100V to 120V can be shown as Figure 2-50, where the output voltage can be kept at its 

desired value. Moreover, when the input voltage Uin is 100V, the simulation results under 

the FDDC control scheme when the load resistor R of the three-phase DAB dc-dc con-

verter is changed between 15Ω and 200Ω can be shown as Figure 2-51, where the output-

voltage disturbance is smaller than 1V. Therefore, based on the general FDDC control 

scheme, an excellent dynamic control scheme can be provided for the three-phase DAB 

dc-dc converter when the input voltage and the load resistor are changed. 

 

 
(a). Input voltage.                                       (b). Output voltage. 

Figure 2-50 The simulation result when the input voltage is changed between 100V and 120V.   

 
(a). Load current.                                        (b). Output voltage. 

Figure 2-51 The simulation result when the load resistor is changed from 15Ω to 200Ω.  

 

2.4. Summary 

In this Chapter, the I2ACL dc-dc converters such as the DAB dc-dc converter, the full 

bridge dc-dc converter, and their variant topologies are reviewed since these converters 

have similar transient characteristics. These converters are divided into two groups in-

cluding the unidirectional type and the bidirectional type. Besides, the current transferred 

characteristics are analyzed, which reveals the order reducing phenomena of these con-

verters since the intermediary inductance cannot influence the transient performance. 

Moreover, a unified FDDC control scheme is proposed for providing excellent dynamic 
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performance for this kind of dc-dc converters. In addition, the design principle of PI pa-

rameters in the proposed method is presented, and the compensation operation is also 

provided for ensuring fast-dynamic performance. Notably, since the dynamic equivalence 

between the DAB dc-dc converter and other I2ACL dc-dc converters have been verified in 

this Chapter, the control schemes for the DAB-based dc-dc converter systems such as the 

IPOP, IIOP, IPOS and ISOP DAB dc-dc converter systems can be easily extended to the 

other I2ACL dc-dc converters with the same modular configurations.  
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Chapter 3  

The IPOP and IIOP DAB dc-dc Con-

verter Systems  

As mentioned in Chapter 1, the IPOP DAB dc-dc converter system is a promising can-

didate for achieving isolated dc-dc energy conversion with large current and power rat-

ings. However, the existing schemes cannot realize the fast-dynamic control performance 

and the flexible power sharing control scheme for the IPOP DAB dc-dc converter system. 

Therefore, a tunable power sharing control scheme with fast-dynamic response is pro-

posed for the IPOP dc-dc converter system in this Chapter. Moreover, the hot-swap op-

erati0n is investigated for the IPOP DAB dc-dc converter system. Besides, the compre-

hensive CPE methods are investigated for ensuring the desired power sharing perfor-

mance of this converter system. In addition, the IIOP dc-dc converter system can be em-

ployed in the distributed power source application with multiple power sources. To realize 

the flexible extension of the power capacity, a communication-free power management 

strategy with fast dynamic response is proposed for the IIOP DAB dc-dc converter system 

in this Chapter. Furthermore, the hot-swap operations are discussed for the IIOP DAB 

dc-dc converter system. 

In this Chapter, a tunable power sharing control scheme for the IPOP DAB dc-dc con-

verter is proposed in section 3.1. Based on this scheme, the excellent dynamic perfor-

mance can be achieved when the input voltage, the load resistor and the power sharing 

performance are changed. Besides, the hot-swap operation can also be realized based on 

the proposed scheme. Moreover, to ensure the desired power sharing performance, the 

comprehensive CPE schemes proposed for different conditions including the start-up 

process, the working process, and the plugging-in operation of a new DAB dc-dc converter, 

respectively. In addition, a communication-free power management strategy is proposed 

for the IIOP DAB dc-dc converter in section 3.2. This scheme can boost the robustness of 

the dc-link voltage when the load condition, the output voltage and the power sharing 

performance of the power sources are changed. In addition, the hot swap control methods 
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for the IIOP DAB dc-dc converter with only a little influence on output voltage are dis-

cussed in detail. Finally, the small-scale simulation model and experimental platform are 

employed to verify the effectiveness of these proposed schemes for the IPOP DAB dc-dc 

converter system and the IIOP DAB dc-dc converter system in section 3.3. Then, the logic 

structure of this Chapter can be summarized in Figure 3-1. 

 
Figure 3-1 Logic structure of Chapter 3.  
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3.1. The Comprehensive Circuit-Parameter Estimating 

Strategies for IPOP DAB dc-dc Converters with Tunable 

Power Sharing Control 

In this section, based on the single-phase-shift (SPS) modulation method, a tunable 

power sharing control scheme is proposed for the IPOP DAB dc-dc converter system as 

shown in Figure 1-7, which is employed to provide the fast-dynamic performance when 

the input voltage, the load resistor and the power sharing performance among DAB mod-

ules are changed. Moreover, to ensure the desired power sharing performance, compre-

hensive CPE methods are proposed for different conditions including the start-up process, 

the working process, and the plug-in operation of a new DAB module. In addition, the 

hot-swap operations of the DAB module are presented with only a little influence on the 

output voltage. 

 

3.1.1   Analysis of the Tunable Power Sharing Strategy with SPS 

Modulation Method 

To realize power transmission of the DAB dc-dc converter, the SPS modulation method 

is widely adopted, and this modulation method for each DAB converter can be shown in 

Figure 3-2. S1α-S8α are square-wave gate driving signals with 50% duty ratio for the cor-

responding switches of the αth DAB dc-dc module. Uabα and Ucdα are output voltages of 

primary-side and second-side H Bridges, respectively. Ts is the switching period, iLα is the 

current of the equivalent inductance between two H Bridges, and ioα is the output current 

of the αth DAB dc-dc module. Moreover, Dα is defined as phase-shift ratio to implement 

power transfer of the corresponding DAB dc-dc converters, and the transferred power Pα 

can be expressed as, 

(1 )
= ( [1,2,... ])

2

oin sU U D D T
P m

n

L

 


 




−

                                  (3-1) 

where m is the number of DAB modules, nα is the transformer turn ratio, and Uinα is the 

input voltage for the αth DAB dc-dc module. When DAB dc-dc converters are connected 

to the same power source, Uinα is the same. Moreover, since this work is focused on the 
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centralized control of IPOP DAB dc-dc system, the switching period is set as the same 

value for each DAB module. According to (3-1), it is clear that the transferred power of 

DAB converter can be directly determined by input voltage, output voltage, phase-shift 

ratio, and circuit parameters including inductance and transformer turn ratio. Assuming 

reconstructed circuit parameter λα for the αth DAB dc-dc converter is equivalent to 

2Lα/nTs, the transferred power for each DAB converter can be further calculated as, 

(1 )
= oinU U D D
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−
                                                           (3-2) 

According to (3-2), the required phase-shift ratio Dα for a given transferred power can 

be determined as, 

1 1

2 4 oin
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D

U U

 





= − −                                                              (3-3) 

 
Figure 3-2 The main waveforms of the SPS modulation method. 

According to (3-3), the required phase-shift ratio Dα for the given transferred power Pα 

should be determined by output voltage Uo, input voltage Uinα and reconstructed circuit 

parameter λα for each DAB module. Thus, the phase-shift ratio Dα for each DAB converter 

can be calculated once the required transferred power can be obtained. Ignoring power 

losses of IPOP DAB dc-dc converter system, the required transferred power can be also 

expressed as, 

*= oP k P 
                                                                        (3-4) 

where P*o is the required output power of IPOP DAB dc-dc converter system. Therefore, 

the outer control loop of the flexible power sharing control should offer desired trans-

ferred power for obtaining transferred power for each DAB module. Generally, the re-

quired output power can be demonstrated as, 

Dα

Ts

Uabα

Ucdα

iLα

S1α S3α

S2αS4α

S5αS7α

S6αS8α

t

Dα Dα



57 

 

*2
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o

U
P
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=                                                                          (3-5) 

Combining the measured output voltage and load current, (3-5) can be further ex-

pressed as, 

*2
* o o

o

o

i U
P

U
=                                                                     (3-6) 

However, the power losses of IPOP DAB dc-dc converter cannot be ignored completely 

for accurate control of output voltage. Thus, a PI controller should be employed to com-

pensate the error caused by power losses, and the output value of PI control is named as 

virtual desired output voltage U*v. Then, the required output power in the control system 

can be described as, 

* *
* o o v
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i U U
P

U
=                                                                 (3-7) 

Compared with (3-6) and (3-7), the virtual desired output voltage U*v is very close to 

the desired output voltage U*o, since the power losses are always small. Moreover, based 

on the power control concept, the block diagram of the tunable power sharing strategy 

can be shown in Figure 3-3. 

 
Figure 3-3 The block diagram of the tunable power sharing strategy. 

As shown in Figure 3-3, the tunable power sharing strategy can be implemented. In 

each switching period, the controller system measures the input voltages for each DAB 

module, the output voltage, and the load current for the IPOP DAB dc-dc converter sys-

tem. Besides, through the PI controller, the new virtual desired output voltage U*v be ob-

tained, and further combined with (3-7), the required output power P*o can be calculated. 

Moreover, combining required power sharing coefficients kα and required output power 
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(3-4). Finally, based on (3-3), the phase-shift ratio Dα for each DAB module can be ob-

tained, and the desired power sharing performance can be achieved. 

 

3.1.2   Analysis of Proposed Circuit-Parameter Estimation Strate-

gies 

As illustrated above, the circuit parameters should be used to determine the accurate 

transferred power for each DAB module. Therefore, inaccurate circuit parameters always 

result in unexpected power sharing performance for the IPOP DAB dc-dc converter. 

Therefore, three CPE schemes of the IPOP DAB dc-dc converter are proposed for estimat-

ing circuit parameters under different conditions.  

A. The CPE Scheme during Start-Up Process. 

During the start-up process, the circuit parameters should be estimated to correct the 

previous circuit parameters for each DAB module. When the desired output voltage is 

achieved, the original power sharing requirement should also be satisfied. Thus, a CPE 

scheme is proposed for meeting these requirements. Ignoring power losses of IPOP DAB 

dc-dc system, the total transferred power can also be expressed as, 

2

= oU
P

R
                                                                            (3-8) 

The transferred power for each DAB dc-dc converter can be expressed as, 
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 =                                                                   (3-9) 

where kα is the power sharing coefficient, and Uoα can be named as the virtual voltage 

component of the αth DAB dc-dc converter. Therefore, kα and Uoα should meet the rela-

tionships as, 

1

1

1
m

m

o o

k

U U







=

=


=



 =






                                                               (3-10) 

Combining (3-3) and (3-9), the phase-shift ratio Dα can be rewritten as, 
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To determine transferred power for estimating circuit parameters of DAB converter, 

these DAB modules should be activated one by one sequentially during the start-up pro-

cess [153]. Besides, combining the circuit parameters of activated DAB dc-dc converters, 

circuit parameters of the new DAB module can be estimated one by one. Each step has an 

independent desired output voltage U*α, and based on a simple PI controller, the desired 

output voltage U*α can be obtained independently. The output value of PI controller λPI 

can be used to calculate circuit parameter for each DAB dc-dc converter. Moreover, to 

obtain the required power sharing performance of IPOP DAB dc-dc converter when the 

final desired output voltage U*o is achieved, the desired output voltage U*α for each step 

can be calculated as, 

* *

1 2( ... )i oU k k k U = + +                                                          (3-12) 

During the start-up process of IPOP DAB dc-dc system, the first DAB converter is acti-

vated, and when U*1 is achieved, λ1 can be obtained as λPI. Then, the second DAB module 

is activated, and the desired output voltage is U*2, when the error ue between desired out-

put voltage and output voltage is zero, λ2 can be obtained as λPI-λ1. Similarly, the estimated 

circuit parameter λα for each DAB dc-dc converter can be shown as, 
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Combining (3-9), (3-11), (3-12) and (3-13), the block diagram of the CPE strategy of 

IPOP DAB dc-dc converter can be shown in Figure 3-4. 

 
Figure 3-4  The block diagram of CPE scheme during start-up process. 
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As shown in Figure 3-4, during the start-up process, DAB dc-dc converters are activated 

in sequence, and when the total desired output voltage is obtained, the circuit parameters 

of each DAB module and the required original power sharing performance of IPOP DAB 

dc-dc converter can be obtained at the same time. To distinguish the moments when each 

desired output voltages are reached, the least square method [154] is adopted, and the 

sum of squared voltage error ues can be expressed as, 

2

1

g

es ej

j

u u
=

=                                                                    (3-14) 

where g is the adopted number of voltage error, and ues is the sum of squared voltage error. 

When ues is smaller than the stored limit value, the desired output voltage for each step 

can be treated as acquisition in controller system. When the desired output voltage for 

IPOP DAB dc-dc converter is reached, the original power sharing requirement can be ob-

tained according to the desired output voltage settings for each step, and the circuit pa-

rameters for IPOP DAB dc-dc converter can be also estimated. 

In addition, when the control method is switched from the CPE strategy to the tunable 

power sharing scheme, the original value of PI controller in the tunable power sharing 

scheme should be determined by the eventual conditions of circuit-parameter estimation 

strategy. Thus, the original value of PI controller U*v can be depicted as, 
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                                                            (3-15) 

In (3-15), the original value of U*v is obtained by using the final condition under circuit-

parameter estimation strategy of IPOP DAB dc-dc converter. Based on (3-15), when the 

control method is switched from circuit-parameter estimation strategy to tunable power 

sharing control, phase-shift ratio for each DAB module is not changed suddenly and sig-

nificantly. Therefore, the switching operation between these two methods can be very 

smooth. 

B. The CPE Scheme during Working Condition. 

Sometimes, the inductance of DAB dc-dc converter may be changed during working 

condition, especially when the inductance temperature is changed [155]. Therefore, the 

corresponding circuit-parameter estimating scheme should also be discussed [43, 46]. To 



61 

 

address this issue, a CPE strategy with a seamless switching concept is proposed, and the 

core principle is based on the power compensation between the reference module and the 

other module. Assuming the circuit parameter of the first DAB modulation is employed 

as the base, and the reconstructed circuit parameter λ1 can be expressed as, 

1
1

1

2

s

L

n T
 =                                                                       (3-16) 

To determine the relationship between the circuit parameter of the first DAB dc-dc 

module and the circuit parameter of the other DAB dc-dc module, the pre-disturbance of 

phase-shift ratio for the first DAB module can be expressed as ΔD1. Thus, the variation of 

transferred power can be expressed as, 
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The expected power sharing coefficient variation Δk1 of the first DAB module can be 

calculated as, 
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Generally, the input voltage of the first DAB module and the load resistor may be 

changed during the estimating process, the phase-shift ratio of the first DAB module 

should be modified for meeting these variations. Assuming the phase-shift ratio is D'1, the 

input voltage is U'in1 and the load resistor is R' when the desired output voltage is reached 

again, the relationship between transferred power of the first DAB module with the new 

input voltage and the new load resistor can be illustrated as, 
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According (3-19), (3-17) can be modified as, 

1 1 1 1 11 1

1

= [ (1 ) (1 )]o
in in

U R
P U D D U D D

R


   − − −                                    (3-20) 

A certain DAB converter can be used to compensate this decrease of power sharing co-

efficient Δk1. When the desired output voltage is achieved again, the expected 
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compensation transferred power mapped to the original condition of this adopted DAB 

dc-dc module can be calculated as, 
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    = − − −


                           (3-21) 

Here D'β is the new phase-shift ratio, λ'β is the estimated circuit parameter and U'inβ is the 

new input voltage of the adopted DAB converter. Combining (3-17) and (3-21), λ'β can be 

expressed as, 
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According to (3-22), the circuit parameter of the adopted DAB converter can be esti-

mated again. During the estimating process, the phase-shift ratio of the first DAB module 

can be calculated as, 
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The phase-shift ratio of the adopted DAB module for compensating this transferred 

power change of the first DAB module can be calculated as, 
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Where k'β is the virtual power sharing coefficient for this DAB module. During the esti-

mated condition, k'β can be adjusted by the PI controller. In addition, the phase-shift ra-

tios for other DAB dc-dc converters can be calculated as, 
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Similarly, the circuit parameter of all DAB modules can be also acquired by using the 

circuit-parameter reference of the first DAB module as, 
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According to (3-26), the CPE method for IPOP DAB dc-dc converter under working 

condition can be implemented. R and R' can be calculated as the quotient of the output 



63 

 

voltage Uo and the load current io at the corresponding time. Moreover, the power sharing 

coefficient for these DAB modules can be obtained as, 
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Combining (3-23), (3-24), (3-25) and (3-26), the block diagram of CPE scheme during 

working condition can be illustrated as Figure 3-5. 

 
Figure 3-5  The block diagram of CPE scheme during working condition.  

As shown in Figure 3-5, the CPE scheme during working condition can be implemented. 

Assuming the circuit parameter of the first DAB module as reference, the circuit parame-

ter of other DAB modules can be estimated one by one by finding the relationship between 

the circuit parameter of the first DAB module and the circuit parameter of the estimated 

DAB converter. To reduce disturbance of output voltage, ΔD1 should be adjusted slowly. 

When all circuit parameters are determined, the core control should be switched to the 

tunable power sharing scheme, and the estimated circuit parameters should also be used. 

To switch these two strategies smoothly, the new desired transferred power P*'o and the 
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According to (3-28), the sum of actual power sharing coefficients can equivalent to 1 

again. Thus, the phase-shift ratio for each DAB converter can be expressed as, 
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According to (3-29), the required power sharing performance can be obtained. Then, 

the tunable power sharing strategy can be employed to allocate the power sharing pro-

portion for the IPOP DAB dc-dc converter. In addition, the circuit parameter λ1 of the first 

DAB dc-dc converter is employed to estimate the circuit parameters of other DAB dc-dc 

converters. Therefore, when this circuit parameter is inaccurate, the estimating perfor-

mance of this CPE scheme may be affected. In terms of the variation of λ1, there are two 

conditions including the variation before estimating process and the variation during es-

timating process. Since only a short time is required for this proposed CPE method, the 

circuit parameter of this first DAB dc-dc converter can be regarded as constant value. 

Thus, the proposed CPE scheme will be not affected. 

Moreover, when the circuit parameter λ'1 of the first DAB dc-dc converter is changed 

before the estimating process, the CPE method for working condition cannot also be af-

fected. Assuming the phase-shift variation of the first DAB dc-dc converter is the same, 

the new estimated circuit parameters λ''β of other DAB dc-dc converters can be expressed 

as, 
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Assuming λ'1=kλλ1, (3-30) can be further illustrated as, 
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In addition, according to (3-3), when the circuit parameters λ'α are inaccurate, the ac-

tually transferred power of the DAB dc-dc converters can be shown as, 
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Combining (3-22), (3-31) and (3-32), the power sharing performance of this output-

parallel DAB dc-dc converter can be expressed as, 
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Therefore, based on (3-33), when the circuit parameter of the first DAB dc-dc converter 

is not accurate, the estimating performance under the proposed CPE scheme is the same 

as when the circuit parameter is accurate, and the estimating performance will not be 

affected for the IPOP DAB dc-dc converter system. 

C. The CPE Scheme for a New Plugged-in DAB Module. 

Sometimes, when a new DAB dc-dc converter should be plugged in, the circuit param-

eter of this new module may be inaccurate. Therefore, a corresponding CPE scheme is 

required to determine this newly reconstructed circuit parameter λnew, which can be ex-

pressed as, 

2 new
new

new s

L

n T
 =                                                                 (3-34) 

here Lnew is the inductance, nnew is the transformer turn ratio of the new DAB dc-dc con-

verter. The block diagram of CPE scheme for a new plugged-in DAB dc-dc converter can 

be shown in Figure 3-6. 

 
Figure 3-6  The block diagram of CPE method for a new plugged-in DAB module. 

As shown in Figure 3-6, the desired output power for the m DAB dc-dc converters 

should be changed as the product of the total required output power of the IPOP DAB dc-

dc converter and the sum of power sharing coefficients of the m DAB modules. Notably, 

when the new DAB dc-dc converter is plugged in, the virtual desired output voltage U*v 

should remain unchanged. Then, the tunable power sharing control strategy can be 
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employed until the steady-state condition of IPOP DAB dc-dc converter is achieved again 

by using the least square method. Moreover, the estimated circuit parameter λnew of this 

DAB module can be expressed as, 
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= o new new
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i e

o

n w

w

nU U D D

k P
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                                                    (3-35) 

here Uinnew is input voltage, Dnew is phase-shift ratio, knew is power sharing coefficient of 

this new DAB dc-dc converter in steady state condition. Different from the circuit-param-

eter estimation strategy, the virtual desired output voltage U*v should not be changed 

when the tunable power sharing control scheme is employed after the plug-in process, 

since the virtual desired voltage U*v is always close to the desired output voltage U*o. 

D. The Extension of These Proposed Schemes for Other Phase-Shift Methods. 

When the power-level control scheme is employed for the DAB dc-dc converter, it is 

super easy to extend this scheme to some advanced phase-shift methods such as the dual-

phase-shift method [156], the extended-phase-shift method [157], and the triple-phase-

shift method [120]. A hybrid static and dynamic optimizing scheme [158] which is based 

on the power-based control [69] and the triple-phase-shift method [159] has verified this 

characteristic. 

Based on the minimum-current-stress modulation method for DAB dc-dc converter 

[121, 158], the corresponding phase-shift ratios Dα1~Dα3 can be calculated by the corre-

sponding transferred power Pα for each DAB dc-dc converter as shown in Table 3-I, where 

pα is the unified transferred power. According to (3-3), (3-11) and (3-23)~(3-25), these 

proposed schemes including tunable power sharing and CPE strategies are always calcu-

lating the transferred power firstly. Therefore, once the transferred power Pα is obtained, 

these proposed schemes can be implemented with the minimum-current-stress modula-

tion method according to Table 3-I. In addition, in the CPE scheme for a new plugged-in 

DAB dc-dc converter as shown in Figure 3-6, the output value of the PI controller can be 

replaced by the unified transferred power directly since the change of output value of the 

PI controller is positively correlated with the transferred power of the DAB dc-dc con-

verter. 
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Table 3-I   Optimized Solutions of Minimum-Current-Stress Modulation Method with Transferred Power. 
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3.1.3   Analysis of Hot Plug-Out or Plug-In Processes 

When one DAB dc-dc converter should be plugged, the power sharing coefficient of this 

module can be regarded as zero. The main requirements are keeping the continuity of 

inductance current and reducing the influence of the energy stored in inductance on the 

output voltage. Generally, for plugging out of DAB dc-dc module, the procedure can be 

divided into two steps. In the first step, the transferred power of this DAB converter 

should be controlled to zero, and then, when the energy of inductance is consumed com-

pletely by the conducting resistor, switches of this DAB dc-dc converter can be turned off 

to reduce power consumption caused by the gate driving circuits. The schematic diagram 

of this plug-out process can be shown in Figure 3-7. 

 
Figure 3-7  The schematic diagram of the plug-out procedure. 

As shown in Figure 3-7, during the first step, S1S4S5S8 should be turned on and S2S3S6S7 

should be turned off. Thus, the output voltages of two H Bridges in DAB converter are 

zero. Based on (3-1), the transferred power of this DAB dc-dc converter is zero. Moreover, 

th

Step 1: 

S1S4S5S8 are turned on

S2S3S6S7 are turned off

Step 2: 

S1S4S5S8 are turned off

S2S3S6S7 are turned off
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there is a close loop for the flowing current of inductance through S1S4S5S8. The equivalent 

circuit of this step can be depicted in Figure 3-8.  

 
Figure 3-8  The equivalent circuit for the first step in plug-out process. 

In Figure 3-8, Ron is the equivalent resistor of the conducting loop for inductance cur-

rent. When the energy in inductance is consumed by this conducting resistor, switches of 

DAB dc-dc converter can be turned off. Assuming the change of inductance current is 

linear, the time duration of step 1 can be calculated as, 
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                                                              (3-36) 

Therefore, in order to guarantee the complete consumption of inductance energy, the 

time duration should meet the requirement as expressed in (3-36). Then, as shown in 

Figure 3-7, switches of this plug-out DAB module can be turned off in the second step. 

Moreover, when a DAB module with accurate circuit parameters should be plugged in, 

the tunable power sharing scheme can be employed to configure the new power sharing 

coefficients for each DAB dc-dc converter. In addition, if the circuit parameter of the new 

DAB dc-dc converter is unknown, the CPE scheme presented for a new plugged-in DAB 

module should be used to determine the circuit parameter for the new DAB dc-dc con-

verter. 

 

3.2. Communication-Free Power Management Strategy for 

the IIOP DAB dc-dc Converter System 

In this section, based on the droop control concept, a communication-free power man-

agement strategy is proposed for the IIOP DAB dc-dc converter system as shown in Figure 

1-9, which is used to realize the fast-dynamic performance when the input voltage, the 

load resistor and the power sharing performance among DAB modules are changed. 

Moreover, the hot-swap operations of the DAB module are presented for plugging-in or 

L
iL

Ron
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plugging-out the DAB module. In addition, the potential extension to low-bandwidth 

high-level control system of the proposed strategy is presented. 

 

3.2.1   The Communication-Free Power Management Strategy 

For the IIOP DAB dc-dc converter System, the communication-free power manage-

ment strategy is proposed to maintain the dc-link voltage when the input voltage, the load 

condition, and the power sharing performance of the ESS are varied. Moreover, the design 

principle of the PI parameters is presented for ensuring the stability of the proposed 

scheme. 

A. The Proposed Communication-Free Power Management Strategy. 

To realize the flexible power transmission, the SPS modulation method is the most pop-

ular modulation method for the DAB dc-dc converter. Thus, the SPS modulation method 

is adopted, which can be illustrated in Figure 3-9, where Sα1~Sα8 are the switching signals 

for the corresponding switches, Uabα is the output voltage of the primary-side H Bridge, 

Ucdα is the output voltage of the secondary-side H Bridge, iLα is the inductance current, Dα 

is the phase-shift ratio and Tsα is the switching period of the αth DAB dc-dc converter for 

the αth ESU.  

When the ESU injects power into the dc grid, the transferred power of the DAB module 

is assumed as positive, and when the ESU absorbs power from the dc grid, the transferred 

power of the DAB module is assumed as negative. According to Figure 3-9, the transferred 

power under the SPS modulation method can be expressed as, 
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According to (3-37), the phase-shift ratio Dα can be calculated as, 
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           (a). ESUs inject power to the grid.                    (b). ESUs absorb power from the grid. 

Figure 3-9 The SPS modulation method of DAB converter for bidirectional power flowing conditions. 

Moreover, to implement the communication-free control performance, the droop con-

trol concept is adopted, and the desired dc-link voltage Udcα for each EUS can be expressed 

as, 
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where kα is the droop coefficient, Unom is the nominal voltage of the dc grid, P*T is the total 

desired output power and i*o is the desired output current of the ESS. In (3-39), the total 

desired output power P*T is employed to unify the transferred power Pα of the αth ESU, 

and the desired output current i*o of the ESS can be expressed as, 

 * nom nom o
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TE dc

U U i
i

R U
= =                                                                (3-40) 

where RTE is the total equivalent load resistor. In addition, based on the power control 

concept, the required transferred power for the αth DAB module can be shown as, 

 * v nom o

dc

U U i
P
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 =                                                                    (3-41) 

where Uvα is named as the virtual dc-link voltage which is the output value of the outer-

loop PI controller. Combining (3-37)~(3-41) and Figure 3-9, the communication-free 

power management  scheme can be illustrated in Figure 3-10. 

In Figure 3-10, the proposed communication-free power management strategy can be 

realized for the IIOP DAB dc-dc converter System. For each ESU, the output current io, 

the input voltage Uinα of the energy storage component and the dc-link voltage Udc are 

measured at the beginning of each switching period. Besides, based on (3-40), the desired 

output current i*o of the ESS is calculated, and based on (3-37), the transferred power of 
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each ESU can be obtained. Since the load current is adopted, the excellent dynamic re-

sponse can be obtained by using the power-based control in this proposed communica-

tion-free power management strategy. Further, combining (3-39), the desired dc-link 

voltage Udcα for each ESU can be obtained. Moreover, based on the power control concept, 

the required transferred power P*α for each ESU can be acquired by (3-41). In addition, 

combing Figure 3-9 and (3-38), the phase-shift ratio Dα can be calculated for realizing the 

required transferred power for each ESU. Since the input voltage is acted as the feedback 

value for each modulation structure, the required transferred power from the power-

based control can be ensured even when the input voltage of DAB module is changed. 

Therefore, the fast-dynamic performance can be achieved when the output voltage of en-

ergy storage component is changed. Importantly, other phase-shift modulation methods 

such as the dual-phase-shift modulation method [156], the extended-phase-shift modu-

lation method [157, 160] and the triple-phase-shift modulation method [159, 161] can be 

employed for boosting the efficiency of the whole converter system since the transferred 

power is acted as the middle control value between the power-based control structure and 

the modulation structure [5]. 

 
Figure 3-10  The communication-free power management strategy for IIOP DAB dc-dc converter 
System with ESUs. 

Therefore, based on the proposed communication-free power management strategy for 

ESS, the ultrafast dynamic response can be obtained to ensure the stability of the dc sys-

tem. In addition, since the control loop for each ESU contains the PI controller based on 

the droop control concept, which can boost the autonomy characteristic of the ESU, and 
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it is easy to realize the hot swap of the ESU. In addition, according to (3-39), when the 

droop parameter of one ESU is reduced for smaller transferred power, other ESUs will 

share more power with the same droop parameters, so the steady-state dc-link voltage 

will be close to the nominal dc-link voltage. Conversely, the steady-state dc-link voltage 

will be away to the nominal dc-link voltage. 

B. The Design Principle of the PI Parameter and the Droop Coefficients. 

For DAB dc-dc converter, the relationship between the phase-shift ratio and the trans-

ferred power or current is similar in steady-state condition or during the transient process 

[5]. Thus, leakage inductances of these converters do not affect the dynamic performance, 

and DAB modules can be directly regarded as current sources. Then, IIOP DAB dc-dc 

converter System can be simplified as Figure 3-11. 

Generally, when input voltage or load condition are changed, the desired voltages Udcα 

from the droop control structure can be treated as constant values. Thus, the power-based 

control method for the IIOP DAB dc-dc converter system can be illustrated in Figure 3-12. 

Assuming ESUs are working on power balancing performance, the transfer function of 

each DAB module can be expressed as, 

2

1 1
( )

p i p inom o o

dc dc dc dc

k S k k S kU i i
H s

mU S SC mU S SC

   



+ +
=                    (3-42) 

where m is the number of the ESU, kpα is the proportionality coefficient and kiα is the 

integral coefficient of the PI controller. According to (3-42), since DAB dc-dc converter is 

the first-order system with capacitive character, the phase margin is always close to 90º. 

Then, to ensure the stability of DAB module, the cross-over frequency is set as the switch-

ing frequency fsα. Moreover, assuming kpα is ten times as kiα, kpα can be calculated as, 

2
2s dc dc

p s dc TE

o

f C mU
k f C mR

i


 


= =                                     (3-43) 

Assuming the switching frequency is 10kHz, the bode diagram can be demonstrated as 

Figure 3-13. 
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Figure 3-11  The simplified circuit of IIOP DAB dc-dc converter System. 

 
Figure 3-12  The power-based control scheme for the DAB dc-dc converter. 

 
Figure 3-13  The bode diagram of the power-based control method for the DAB module. 

Based on (3-43), kpα is usually bigger than 100, and combining Figure 3-13, the control 

system can provide a stable dc-link voltage. However, although oscillations of the dc-link 

voltage Udc can be easily evitable with the dc-link capacitor, there are obvious disturb-

ances in phase-shift ratio with measurement noise since the power transferring range of 

DAB converter is limited [5]. Thus, the disturbances ∆Dα of the phase-shift ratio caused 

by the measurement noises should also be treated as a criterion to evaluate the stability 

of the DAB dc-dc converter. Besides, combining (3-38), (3-41) and Figure 3-10, and as-

suming the measurement noise Udcmn and the difference of the measurement noises be-

tween two successive switching periods are close, the phase-shift ratio disturbances ∆Dα 

can be expressed as, 
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According to (3-44) and ignoring the higher minimum term, PI parameters can be ex-

pressed as, 

2

2

8
( ) 1

4

v nom o in dc s
p i

dcmn in dc s nom o

D n L U U i U U T
k k

U U U T U i n L

     
 

   


+  −                               (3-45) 

Further, assuming the maximum phase-shift ratio disturbance is ∆Dαmax, (3-45) can 

also be expressed as, 

2
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+  −                            (3-46) 

kiα can be designed as the tenth of kpα since transferred power in steady-state condition 

is mainly dependent on the feedback values, and (3-46) can be further expressed as, 
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                                 (3-47) 

In addition, the droop coefficient kα is also the main control parameter in the commu-

nication-free power management strategy for power sharing performance of different 

ESUs. Based on the droop control concept, the voltage error ∆Udc between the steady-

state dc-link voltage Udc and the nominal dc-link voltage Unom in the communication-free 

power management system can be shown in Figure 3-14. Moreover, according to (3-39), 

the voltage error ∆Udc can be expressed as, 

 
*dc nom dc

nom o

P
U U U

k U i





 = − =                                                       (3-48) 

 
Figure 3-14  The regulation characteristic of the droop control in the communication-free power 
management strategy. 
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When the power balancing performance is realized among different ESUs for the ESS, 

(3-48) can be further illustrated as, 

1
dcU

k m

 =                                                                    (3-49) 

Assuming the allowed maximum voltage error is ∆Udcmax, the droop coefficient kα can 

be further expressed as, 

 
max

1

dc

k
m U

 


                                                            (3-50) 

Notably, the allowed maximum voltage error ∆Udcmax between the nominal dc-link volt-

age and the steady dc-link voltage should be bigger than the measurement noise Udcmn. 

Thus, the droop coefficient kα can be further expressed as, 

 
max

1 1

dc dcmn

k
m U mU

 


                                            (3-51) 

Usually, in order to reduce the impact of the measurement noise obvious, (3-51) can be 

further expressed for the practice application as, 

 
max

1 1

2dc dcmn

k
m U mU

 


                                           (3-52) 

 

3.2.2   The Plug-in or Plug-Out Processes of the DAB Module 

The plug-in or plug-out operations of the ESU are required for repairing the energy 

storage equipment and extending the power capacity for the ESS. Based on this proposed 

communication-free power management strategy, the new ESU can be easily plugged in 

with only a minor influence on the dc-link voltage since the PI controller can provide a 

buffer function. Therefore, the transferred power of the new plugged-in ESU can be in-

creased slowly, and based on the adjusting function of the PI controller and droop con-

troller in other ESUs, the steady-state condition of the ESS can be obtained when the new 

ESU is completely plugged in. According to (3-49), when the number of the ESUs is in-

creased, the steady-state dc-link voltage is a little close to the nominal dc-link voltage, and 

the voltage error is preferred to be smaller. Thus, when the steady-state condition is ob-

tained again, the actual dc-link voltage will be closer to the nominal dc-link voltage. 
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Figure 3-15  The plug-out process of the βth DAB-based ESU. 

 
Figure 3-16  The circuit condition for consuming the storage energies in the inductances of the DAB 
dc-dc module. 

In addition, when the βth DAB-based ESU should be plugged out, the transferred power 

of this ESU should become zero firstly, and the plug-out process of this DAB-based ESU 

can be shown in Figure 3-15, where the virtual output voltage Uvβ is gradually reduced to 

zero, and the transferred power of this ESU can be decreased to zero. Notably, this 

plugged-out ESU can be treated as load by other ESUs, and the βth DAB-based ESU will 

not control the dc-link voltage actively. Moreover, with the feedback value of the load 

current and the input voltage, this plugged-out ESU can offer a timely response when the 

load condition or input voltage are changed. Thus, the robustness of the dc-link voltage 

can be ensured during the plug-out process of the ESU. In addition, when the transferred 

power of the βth DAB-based ESU becomes zero, the storage energy in the leakage induct-

ance of the transformer should be consumed before plug-out action, and with the parallel 

diodes, these storage energies can transfer to the ESU and the dc-link bus by turning off 

all the switches. The corresponding circuit can be shown as Figure 3-16. Further, when 

the inductance current becomes zero, there is no exchanging power between the ESU and 

the dc-link bus and the flowing current in DAB dc-dc module, and the βth DAB-based ESU 

can be completely plugged-out from the ESS. According to (3-49), when the number of 

the ESUs is decreased, the voltage error between the actual dc-link voltage and the nom-

inal voltage is preferred to be bigger. Thus, when the steady-state condition is obtained 

Eq.(3-41)
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again, the actual dc-link voltage will be a little away from the nominal dc-link voltage in 

the isolated dc microgrid. 

 

3.2.3   The Potential Extension to Low-Bandwidth High-Level Con-

trol System 

By presetting different droop coefficients for different the state of charge conditions of 

the energy storage equipment, the balanced state of charge performance among different 

ESUs can be obtained through a relatively long-time fuzzy regulation function. However, 

sometimes, higher requirement of the state of charge performance of the ESUs should be 

provided, and the centralized man-machine interaction system of the ESS may be re-

quired. Thus, a high-level control system may be required, and the potential system struc-

ture for the communication-free power management strategy with high-level central con-

troller can be shown in Figure 3-17. 

 
Figure 3-17  The potential system structure for the proposed communication-free power management 
strategy with low-bandwidth high-level central controller. 

In Figure 3-17, the central controller can be employed to ensure advanced state of 

charge of different ESUs and provide good human-machine interaction system of the 

whole ESS. Importantly, based on the proposed communication-free power management 

strategy, the high-level central control system will not affect the dc-link voltage, and when 

the ESU is plugged in or plugged out, the reprogramming operation is not required since 

each ESU has self-regulating ability with the integrated close-loop structure containing 

the independent PI controller for adjusting the dc-link voltage. 

 

3.3. Verification 

In this section, based on the small-scale experiment platforms, the experiment results 

are employed to verify the effectiveness of the proposed schemes for the IPOP DAB dc-dc 
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converter system and the IIOP DAB dc-dc converter system. Moreover, for the IIOP DAB 

dc-dc converter system, the simulation results are also provided for monitoring some 

middle control values of the proposed communication-free power management strategy. 

 

3.3.1   The Comprehensive Circuit-Parameter Estimating Strategies 

with Tunable Power Sharing Control for IPOP DAB dc-dc Con-

verter System 

Based on an experimental platform, these presented methods including the circuit-pa-

rameter estimation strategy, the tunable power sharing control and the plug-in and plug-

out methods are verified for the IPOP DAB dc-dc converter system. Moreover, the dy-

namic response under the tunable power sharing scheme is also illustrated. The main pa-

rameters of the IPOP DAB dc-dc converter system are illustrated in Table 3-II. Notably, 

each DAB modules in the IPOP DAB converter system share the same input voltage in the 

experimental section. 

Table 3-II   Experimental Parameters of the IPOP DAB dc-dc Converter System. 

Parameter Value 

Number of DAB Modules 2 

Switches SCT3080 

L1 400μH 

L2 447μH, 200μH 

n1 & n2 2 

fs 10kHz 

R 12Ω or 18Ω 

Uin1 & Uin2 80V to 90V 

U*
o 60V 

 

A. The Circuit-Parameter Estimation Strategy during Start-up Process. 

When load resistor R is selected as 12Ω and required power sharing coefficients k1 and 

k2 both equal to 0.5, Figure 3-18 shows experimental results during the start-up process 

and the corresponding steady waveforms of IPOP DAB dc-dc converter system. As shown 

in Figure 3-18(a), the DAB modules are activated one by one, where when output voltage 

is reached at 30V, the second DAB converter is activated. Moreover, when the total de-

sired output voltage is achieved, the steady state waveforms can be described in Figure 
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3-18(b). Besides, according to (3-1), the transferred power of the first DAB module P1 is 

160W and the transferred power of the second DAB module P2 is 170W. The actual power 

sharing coefficients of the two DAB modules are 0.485 and 0.515, respectively. Compared 

with the required power sharing coefficients and the actual ones, the desired power shar-

ing performance of IPOP DAB dc-dc converter can be obtained even without circuit-pa-

rameter knowledge. 

             
       (a). The start-up process.                      (b). The steady state waveforms. 

Figure 3-18  Experimental results during start-up process and steady state waveforms. (Uin and Uo: 
20V/div; iL1 and iL2: 2.5A/div; Time: 100ms/div [(a)], 20μs/div [(b)]) 

B. The Circuit-Parameter Estimation Strategy during Working Condition. 

When load resistor R is selected as 18Ω, input voltage Uin is selected as 80V, inductance 

L2 is changed into 200 μH, and k1 and k2 are both equivalent to 0.5. Firstly, the same 

inductance values for these two DAB dc-dc modules are adopted as 400 μH in DSP con-

troller, and then, the CPE strategy during working condition is adopted to estimate L2. 

When the estimating process is finished, the core control method is switched into the tun-

able power sharing scheme. Figure 3-19 shows the estimating process. 

 
(a). Waveforms during estimating process. 

 
(b). Zoom-in waveforms for switching from CPE scheme to tunable power sharing strategy. 

Figure 3-19  Experimental results during adopting CPE scheme during working condition.  
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Figure 3-20  Experimental results during adopting CPE scheme with inaccurate circuit -parameter 
reference during working condition. 

As shown in Figure 3-19(a), the output voltage Uo can keep stable during the estimating 

process and the scheme switching process. Moreover, according to (3-28), when the esti-

mating process is finished, the core control strategy can be switched into tunable power 

sharing strategy in a switching period [see Figure 3-19(b)]. Moreover, the same induct-

ance values for these two DAB dc-dc modules are adopted as 447 μH not 400 μH in the 

DSP controller. Besides, the CPE strategy during working condition is adopted to estimate 

L2, and Figure 3-20 shows the corresponding estimating process. As shown in Figure 3-20, 

the output voltage Uo can also be regarded as stable, the CPE scheme can be switched into 

the tunable power sharing strategy smoothly, and the inductance-current values of iL1 and 

iL2 are very similar to these values shown in Figure 3-19(a).  

In addition, Figure 3-21 illustrates the steady-state waveforms before and after estimat-

ing process. As shown in Figure 3-21(a), the desired power sharing performance cannot 

be achieved with wrong mismatch value of the second DAB module, and the transferred 

power of the second module is twice as much as that of the first module. Then, when the 

estimating process is finished, the required power sharing coefficients of the two DAB 

modules can be nearly obtained as 0.506 and 0.494 [see Figure 3-21(b)]. 

 
(a). The steady state waveforms before estimating scheme. 
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(b). The steady state waveforms after estimating strategy. 

Figure 3-21  Steady state experimental results before and after estimating process.  

C. The Tunable Power Sharing Control. 

For the same system, when the input voltage is changed from 80V to 90V after estimat-

ing procedure, k1 is changed to 0.667 and k2 is changed to 0.333. Then, k1 and k2 are both 

set to 0.5 eventually to illustrate additional transients. Figure 3-22 shows experiment re-

sults of transient waveforms for IPOP DAB dc-dc converter with 12 Ω load resistor. As 

depicted in Figure 3-22, when the power sharing coefficients are changed, the output volt-

age can stay stable by using the presented tunable power sharing control, and the corre-

sponding power sharing performances can be obtained from Figure 3-23. When k1 is set 

to 0.667 and k2 is set to 0.333, the steady state waveforms are shown as Figure 3-23(a). 

Similarly, the transferred power of the first DAB module P1 is 212W and the transferred 

power of the second DAB module P2 is 108W. So, the actual power sharing coefficients of 

the two DAB modules are 0.663 and 0.338, respectively, and the desired power sharing 

performance can be achieved. Further, when the input voltage is varied to 80V again, the 

desired power sharing requirement is returned to original condition, and the steady state 

waveforms can be shown in Figure 3-23(b). Compared with Figure 3-18(b) and Figure 

3-23(b), the original power sharing requirement of IPOP DAB dc-dc converter can be also 

achieved. 

 
Figure 3-22  Experimental results when power sharing coefficients are changed. (Uin and Uo: 20V/div; 
io: 2.5A/div; Time: 1s/div) 
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(a). The steady state waveforms when k1=0.667 and k2=0.333. 

 
(b). The steady state waveforms when k1=0.5 and k2=0.5. 

Figure 3-23  Experimental results of inductance currents with different power sharing coefficients. 
(Uo: 20V/div; iL1 and iL2: 2.5A/div; Time: 20μs/div) 

D. The Hot Plug-in and -out Technology. 

When R is selected as 18Ω, only the first DAB module is worked firstly, and when R is 

changed to 12Ω, the second DAB module is also activated to participate in power transfer 

with k1=k2=0.5. Based on the circuit-parameter estimation method during plug-in DAB 

dc-dc converter, the experiment results of the plug-in process can be shown in Figure 3-24. 

As shown in Figure 3-24(a), a few disturbances of output voltage are noticed, but the de-

sired output voltage can be obtained quickly. Besides, according to Figure 3-24(b), the 

transferred powers of the two DAB dc-dc converters can be obtained as 165W and 170W, 

respectively. So, the actual power sharing coefficients of the two DAB modules are 0.493 

and 0.507, respectively, proving the desired power sharing performance. 

                       
            (a). The plug-in process.                         (b). The steady state waveforms. 

Figure 3-24  Experimental results under circuit-parameter estimation during plug-in DAB module. 
(Uin and Uo: 20V/div; iL1 and iL2: 2.5A/div; Time: 40ms/div [(a)], 20μs/div [(b)]) 
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(a). The plug-out process.                                    (b). The plug-in process. 

Figure 3-25  Experimental results during plug-out DAB module. (Uin and Uo: 20V/div; iL1 and iL2: 
2.5A/div; Time: 40ms/div) 

 
Figure 3-26  Experimental results of inductance currents when the first DAB module is plugged in 
again. (Uin and Uo: 20V/div; iL1 and iL2: 2.5A/div; Time: 20μs/div) 

When R is changed from 12Ω to 18Ω, the first DAB dc-dc converter is plugged out based 

on the presented plug-out method for IPOP DAB dc-dc converter, and the corresponding 

experiment result can be shown in Figure 3-25. As shown in Figure 3-25(a), the induct-

ance current of the first DAB converter can turn into zero, and then, the switching signal 

of this DAB converter can be set as 0 quickly. Moreover, the output voltage can remain as 

its desired value. In addition, when R is changed from 18Ω to 12Ω again, the first DAB 

module is plugged in to share power transmission as shown in Figure 3-25(b). It is obvi-

ous that the output voltage can stay stable during this plug-in process based on the pre-

sented tunable power sharing control by reallocating the power sharing coefficients for 

each DAB converter. Similarly, the equal power sharing performance (k1=k2=0.5) of these 

two DAB modules can be also obtained when the first DAB converter is plugged in again, 

which can be seen from Figure 3-26. 

E. The Dynamic Performances under Disturbances of Input Voltage and Load Resistor. 

When k1 and k2 are both set to 0.5, Figure 3-27 shows experiment results with the var-

iated input voltage between 80V and 90V and variated load resistor between 12Ω and 18Ω. 

As shown in Figure 3-27, under input voltage is changed or load resistor variations, the 

excellent dynamic performances can be obtained without any disturbances of output volt-

age for the IPOP DAB dc-dc converter system. The steady state results under different 
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conditions are shown in Figure 3-28. Similarly, the desired power sharing performance 

for IPOP DAB dc-dc converter under different situations can be obtained under the tun-

able power sharing control strategy. 

 
Figure 3-27  Experimental results under disturbances of input voltage and load resistor. (Uin and Uo: 
20V/div; io: 2.5A/div; Time: 1s/div) 

                       
(a). Uin=80V, R=12Ω.                                        (b). Uin=80V, R=18Ω. 

                     
(c). Uin=90V, R=12Ω.                                        (d). Uin=90V, R=18Ω. 

Figure 3-28  Experimental results of inductance currents under different conditions. (Uo: 20V/div; 
iL1 and iL2: 2.5A/div; Time: 20μs/div) 

 

3.3.2   Communication-free Power Management Strategy for the 

IIOP DAB dc-dc Converter System 

In this section, based on Simulink model and experiment platform of the IIOP DAB-

based dc-dc converter system, the effectiveness of the proposed communication-free 

power management strategy will be verified when the input voltage, the load condition 

and the droop coefficient of the ESS are changed, and when the ESU is plugged-in or -out, 

which can be employed to simulate the potential conditions in the practice application. 
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A. Simulation Results for the Communication-Free Power Management Strategy. 

The Simulink model with three DAB-based dc-dc converter system is established, and 

the circuit parameters are illustrated in Table 3-III.  

Table 3-III   Simulation Parameters of the IIOP DAB dc-dc Converter System. 

Parameter Value 

Number of DAB Modules 3 

L1, L2, L3 50μH, 80μH, 100μH 

n1, n2, n3 2 

fs 10kHz 

RTE 10Ω or 30Ω 

Uin1, Uin2, Uin3 50V to 60V 

Unom 100.66V (Compensated) 

U*
dc 100V 

k1, k2, k3 0 to 1 

kpα, kiα 2.5, 0.25 

 

                           
(a). Input voltages.                                                             (b). Load current. 

                                
(c). Transferred powers.                                                      (d). Dc-link voltage. 

Figure 3-29  Simulation results when the input voltage and load condition are changed under the 
proposed communication-free power management strategy. 

When the droop coefficients k1 k2 and k3 are 0.5, the simulation results when the input 

voltage Uin1 of the first DAB module and the load resistor RTE are changed can be shown 

in Figure 3-29. As shown in Figure 3-29(c), when the input voltage Uin1 of the first DAB 

converter and the load condition RTE are varied [see Figure 3-29(a) and Figure 3-29(b)], 

the corresponding transferred power can be quickly obtained by using the proposed strat-

egy, and the transferred power of these three ESU are the same. So, as shown in Figure 

3-29(d), the disturbances of dc-link voltage can be neglected. 
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(a). Desired voltages.                            (b). Transferred powers. 

 
(c). Dc-link voltage. 

Figure 3-30  Simulation results the droop coefficient k1 of the first ESU is changed between 0.5 and 
1 under the proposed communication-free power management strategy. 

                   
    (a). Transferred powers.                                      (b). Dc-link voltage. 

Figure 3-31  Simulation results when the third ESU is plugged in or plugged out under the proposed 
communication-free power management strategy. 

When the original droop coefficients k1 k2 and k3 are 0.5, the load resistor RTE is 10Ω, 

the input voltage Uin1 is 60V, the input voltage Uin2 is 60V and the input voltage Uin3 is 

50V, the simulation results when the droop coefficient k1 of the first ESU is changed be-

tween 0.5 and 1 can be illustrated in Figure 3-30. As shown in Figure 3-30(a), when k1 is 

changed, the desired dc-link voltage of the first ESU is changed suddenly. Based on the 

adjusting function of the PI controller and the droop controller, the new steady state of 

the dc-link voltage can be acquired. When k1 is increased, the new steady dc-link voltage 

is a little increased, and when the k1 is decreased, the new steady dc-link voltage is a little 

reduced. Moreover, as shown in Figure 3-30(b), the power sharing performance of these 

three ESUs can be strictly determined by the droop coefficients according to (3-39). 
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(a). Voltages during plug-out process. 

 
(b). Inductance current during plug-out process. 

Figure 3-32  Detailed waveforms of iL3, Uab3 and Ucd3 when the third ESU is plugged out under the 
proposed communication-free power management strategy. 

Moreover, when the droop coefficients k1 k2 and k3 are 0.5, the load resistor RTE is 30Ω, 

the input voltage Uin1 is 60V, the input voltage Uin2 is 60V and the input voltage Uin3 is 

50V, the simulation results when the third ESU is plugged in or plugged out can be illus-

trated in Figure 3-31. As shown in Figure 3-31(a), based on the presented plugging out 

operation, the transferred power of the third ESU can be reduced gradually, and the other 

ESUs can compensate the reduced power immediately. When the steady state of the IIOP 

DAB-based converter system is obtained, the power sharing performance of these three 

ESUs can be strictly determined by the droop coefficients according to (3-39). Besides, 

according to Figure 3-31(b), the dc-link voltage can just be affected a little for achieving 

the steady-state condition again. According to section 3.2.2, when one ESU is plugged out, 

the new steady dc-link voltage is a little decreased, and when one ESU is plugged in, the 

new steady dc-link voltage is a little increased. In addition, as shown in Figure 3-31(a), 

the plug-in and plug-out processes do not take a long time, and the settling time is about 

0.06ms. 

Further, when the third DAB is plugged out, the detailed waveforms of the inductance 

current iL3, the output voltage Uab3 of the primary-side H Bridge and the output voltage 

Ucd3 of the secondary-side H Bridge of the third DAB converter can be shown in Figure 

3-32. When the switches of the third DAB module are turned off, the inductance current 

iL3 can be consumed quickly. 
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B. Experiment Results for the Communication-Free Power Management Strategy. 

Based on the dsPACE MicroLabBox, a small-scale experiment platform is established 

with two DAB dc-dc converters, and the experiment results are employed to verify the 

effectiveness of the proposed communication-free power management strategy. The cir-

cuit parameters of the IIOP DAB dc-dc converter system are illustrated in Table 3-IV. The 

picture of the experiment platform can be shown in Figure 3-33. 

Table 3-IV   Experimental Parameters of the IIOP DAB dc-dc Converter System 

Number of DAB Modules 2 

L1, L2 50μH, 80μH 

n1, n2 2 

fs  10kHz 

RTE 16Ω or 32Ω 

Uin1, Uin2 30V to 50V 

Unom 61V (Compensated) 

U*
dc 60V 

k1, k2 0 to 1 

kpα, kiα 2.5, 0.25 

 

 
Figure 3-33  The picture of the experiment platform.  

When the droop coefficients k1 and k2 are 0.4, the experiment results when the input 

voltages Uin1 and Uin2 are changed between 30V and 40V can be shown in Figure 3-34. As 

shown in Figure 3-34(a), the desired dc-link voltages U*dc1 and U*dc2 of the two DAB mod-

ules are not changed, and as shown in Figure 3-34(b), the transferred powers P1 and P2 of 

these two DAB modules are stable during the input-voltage change process. Besides, when 

the input voltages Uin1 and Uin2 are changed between 30V and 40V, the dc-link voltage Udc 

can be maintained at its desired value 60V [see Figure 3-34(c)]. Therefore, based on the 

proposed communication-free power management strategy, the excellent dynamic 

Load

Converter System
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performance can be provided for the IIOP DAB-based ESS when the output voltage of the 

energy storage equipment is changed. 

                      
       (a). Desired dc-link voltages.                                  (b). Transferred powers. 

 
(c). Measured voltages and currents. 

Figure 3-34  Experiment results when the input voltage is changed under the proposed communica-
tion-free power management strategy. (Uin1 and Uin2: 20V/div; Udc: 20V/div; io: 2A; t: 1s/div) 

                     
    (a). Desired dc-link voltages.                                       (b). Transferred powers. 

 
(c). Measured voltages and currents. 

Figure 3-35  Experiment results when the load condition is changed under the proposed communi-
cation-free power management strategy. (Uin1 and Uin2: 20V/div; Udc: 20V/div; io: 2A; t: 1s/div) 

When the droop coefficients k1 and k2 are 0.4, and the input voltages Uin1 and Uin2 are 

30V, the experiment results when the load resistor RTE is changed between 16Ω and 32Ω 

can be shown in Figure 3-35. As shown in Figure 3-35(a), the desired dc-link voltages U*dc1 

and U*dc2 of these two DAB modules have a few disturbances when the load resistor RTE 

are changed, which may be affected by the power loss of the converter system. When the 

converter system is working at light-load condition, the efficiency is preferred to be low, 

which means more transferred power should be provided to balance the relationship 

U
*

dc1

U
*

dc2

64

62

60

58

56
0 5 10D

e
si

re
d

 V
o

lt
ag

e
 (

V
)

Time t(s)

P1 P2

150

100

50

0
0 5 10

P
o

w
er

 (
W

)

Time t(s)

121W

Uin1 Uin2

Udc

io

U
*

dc1

U
*

dc2

64

62

60

58

56
0 5 10D

e
si

re
d
 V

o
lt

ag
e
 (

V
)

Time t(s)

16  32  

32  16  P1

P2

150

100

50

0
0 5 10

P
o

w
er

 (
W

)

Time t(s)

121W

70W
16  32  

32  16  

Uin1 Uin2

Udc

io

16  32  32  16  



90 

 

between the output power and the transferred power. Then, according to (3-39), the de-

sired dc-link voltage can be reduced a little at light-load condition. Moreover, when the 

load resistor RTE is suddenly changed, the corresponding transferred power can be quickly 

provided by using the proposed communication-free power management strategy as 

shown in Figure 3-35(b). Further, as shown in Figure 3-35(c), when the load resistor RTE 

is changed between 16Ω and 32Ω, the dc-link voltage can remain at its desired value, and 

the disturbances of the dc-link voltage can be omitted. Thus, when the load condition is 

changed, the fast responses can be provided for the IIOP DAB-based ESS by using the 

communication-free power management strategy. 

                     
 (a). Desired dc-link voltages.                                     (b). Transferred powers. 

                      
(c). k2: 0.4→0.2.                                                               (d). k2: 0.2→0.4. 

Figure 3-36  Experiment results when the droop coefficient k2 of the second ESU is changed between 
0.4 and 0.2 under the proposed communication-free power management strategy. (iL1 and iL2: 
2.5A/div; Udc: 20V/div; t: 100ms/div) 

Moreover, when the original droop coefficients k1 and k2 are 0.4, the input voltages Uin1 

and Uin2 are 30V and the load resistor RTE is 32Ω, the experiment results when the droop 

coefficient k2 of the second DAB module is changed between 0.4 and 0.2 can be illustrated 

in Figure 3-36. As shown in Figure 3-36(a), the desired dc-link voltages U*dc1 and U*dc2 of 

these two DAB modules have a few disturbances when the droop coefficient k2 are 

changed. When k2 is changed, the desired dc-link voltage U*dc2 of the second ESU is 

changed suddenly. Based on the adjusting function of the droop control structure, the 

new steady state of the dc-link voltage can be acquired. According to (3-39), when k2 is 

increased, the new steady dc-link voltage is a little increased, and when the k2 is decreased, 

the new steady dc-link voltage is a little reduced. Moreover, when the droop coefficient k2 
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is changed between 0.4 and 0.2, the transferred powers P1 and P2 are changed gradually 

to reach the steady state again as shown in Figure 3-36(b). Further as shown in Figure 

3-36(c) and Figure 3-36(d), when the droop coefficient k2 is changed between 0.2 and 0.4, 

the dc-link voltage can remain at its desired value, and the disturbances of the dc-link 

voltage can be omitted. Thus, when the droop coefficient is changed for different power 

sharing performances, the fast responses can be provided for the IIOP DAB-based ESS by 

using the communication-free power management strategy. 

                         
(a). Desired dc-link voltages.                                        (b). Transferred powers. 

                         
(c). The plug-out process.                                                  (d). The plug-in process. 

Figure 3-37  Experiment results when the second ESU is plugged out or plugged in under the pro-
posed communication-free power management strategy. (iL1: 5A/div; iL2: 2.5A/div; Udc: 20V/div; t: 
100ms/div) 

In addition, when the original droop coefficients k1 and k2 are 0.4, the input voltages 

Uin1 and Uin2 are 30V and the load resistor RTE is 32Ω, the experiment results when the 

second DAB converter is plugged out and plugged in can be illustrated Figure 3-37. As 

shown in Figure 3-37(a), when the second DAB module is plugged out, the desired dc-link 

voltage U*dc1 is a little reduced, and when the second DAB module is plugged in, the de-

sired dc-link voltage U*dc1 is a little increased since the desired dc-link voltage is affected 

by the DAB number as demonstrated in (3-49). Moreover, as shown in Figure 3-37(b), the 

transferred powers P1 and P2 are changed gradually to reach the steady state again during 

the plug-out and plug-in processes. Further as shown in Figure 3-37(c) and Figure 3-37(d), 

when the second DAB converter is plugged out or plugged in, the dc-link voltage Udc is 

always close to its expected value 60V, and the settling time is smaller than 0.1s. Thus, 

based on the communication-free power management strategy, the robustness of the dc-
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link voltage can be ensured when the ESU is plugged out or plugged in, and the plug-in 

and plug-out processes do not take a long time. 

 

3.4. Summary 

In this Chapter, a simple tunable power sharing control method is proposed to config-

ure transferred powers for the IPOP DAB dc-dc converter flexibly. Besides, the fast-dy-

namic performances can be achieved when the input v0ltage, the load resistor and the 

power sharing performance are changed. Then, the hot-swap operations are presented for 

the IPOP DAB dc-dc converter system with only a little influence on the output voltage. 

Moreover, to guarantee the desired power sharing performance, the comprehensive CPE 

strategies are proposed for facing different conditions. Notably, these CPE methods can 

also be employed in the IIOP DAB dc-dc converter system with centralized controller. In 

addition, a communication-free power management strategy is proposed for the IIOP 

DAB dc-dc converter. Based on the proposed power management strategy, the dc-link 

voltage can be kept stable when the output voltage of the energy sources, the load condi-

tion, and the required power sharing performance of the IIOP DAB converter system are 

changed. Furthermore, based on the presented plug-in and plug-out operations, the DAB 

module with new energy storage source can be directly plugged in for increasing the 

power capacity of the energy storage system without reprogramming operation and influ-

encing the dc-link voltage. Similarly, the energy storage source can also be plugged out 

without obvious impact on the dc-link voltage. 
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Chapter 4  

The IPOS and ISOP DAB dc-dc Con-

verter Systems 

As mentioned in Chapter 1, the IPOS DAB dc-dc converter system is a promising can-

didate for realizing the high output voltage with the low-voltage DAB module. However, 

the existing schemes cannot realize the fast-dynamic control performance and the flexible 

power sharing control scheme for the IPOS DAB dc-dc converter. Therefore, a tunable 

power sharing control scheme with fast dynamic response is proposed for the IPOS DAB 

dc-dc converter system in this Chapter. Besides, a variant of this proposed scheme is em-

ployed to realize the black-start operation for the synchronously charging operation of 

each output capacitor. Moreover, the hot-swap operation is further studied for ensuring 

the uninterrupted power supply. In addition, the ISOP DAB dc-dc converter can transfer 

the power from the high dc voltage terminal to the low-voltage load. However, the existing 

schemes cannot realize the complete decoupling between the regulation of the input volt-

ages and the adjustment of the output voltage. Thus, an input-oriented power sharing 

control scheme with fast dynamic response is proposed for the ISOP DAB dc-dc converter 

system in this Chapter. Furthermore, an inductance estimating scheme is proposed for 

ensuring the desired power sharing performance of the ISOP DAB dc-dc converter system. 

In this Chapter, a simple tunable power sharing control strategy is proposed for the 

IPOS DAB dc-dc converter system in section 4.1. Based on this scheme, the excellent dy-

namic performance can also be achieved when the input voltage, the load resistor, and 

the power sharing performance are changed. Besides, a variant of the proposed scheme is 

adopted to realize the black-start operation of this DAB system. Moreover, the hot swap 

operation is presented for the IPOS DAB dc-dc converter with a slight influence on the 

output voltage. In addition, an input-oriented power sharing control scheme with fast-

dynamic response is proposed for the ISOP DAB dc-dc converter system in section 4.2. In 

addition, an inductance-estimating method is proposed for ensuring the power sharing 

performance of the ISOP DAB dc-dc converter. Finally, simulation and experiment results 
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are provided to verify the effectiveness of the proposed control schemes for the IPOS DAB 

dc-dc converter system and the ISOP DAB dc-dc converter system in section 4.3. Then, 

the logic structure of this Chapter can be summarized in Figure 4-1. 

 
Figure 4-1  Logic structure of Chapter 4. 
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4.1. A Tunable Power Sharing Control Scheme for IPOS 

DAB dc-dc Converter System 

In this section, based on the SPS modulation method, a tunable power sharing control 

scheme is proposed for the IPOS DAB dc-dc converter system as shown in Figure 1-10, 

which is employed to realize the fast-dynamic performance when the input voltage, the 

load resistor, and the power sharing performance among DAB modules are changed. 

Moreover, during start-up process, a black-start operation is used to charge the output 

voltage for each DAB module synchronously. In addition, the hot swap operations are 

presented to realize the plugging-in or the plugging-out process of the single DAB module. 

 

4.1.1   The Tunable Power Sharing Control Strategy 

Traditionally, the inductance of the dc-dc converter such as buck and boost plays an 

important role in the modeling analysis. Nevertheless, since the transferred current of 

DAB dc-dc converter can be determined by the circuit parameter and the phase-shift ratio, 

the middle ac inductance can be neglectful. Thus, the simplified circuit of the IPOS DAB 

dc-dc converter system can be shown in Figure 4-2, where the input-side current and the 

output-side current can be modeled as the controllable current source. 

 
Figure 4-2  The simplified circuit of IPOS DAB dc-dc converter system. 

According to Figure 4-2, the average model of the IPOS DAB dc-dc converter can be 

expressed as, 
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For the IPOS DAB dc-dc converter systems, the power sharing performance is deter-

mined by the output-capacitor voltage values Ucoα of each converter as, 

 
1 2 1 2: :...: = : ...:m co co comP P P U U U                                                   (4-2) 

Therefore, the power sharing performance of the IPOS DAB dc-dc converter can be re-

alized by adjusting Ucoα. Moreover, the relationship between the change in capacitor volt-

age ΔUcoα and the charging current icoα in a switching period Ts can be described as [158], 

 = co o
co

s

U C
i

T

 



                                                             (4-3) 

where Coα is the output capacitor for each DAB module. According to Figure 4-2, the out-

put-side circuit of the IPOS DAB converter system can be shown in Figure 4-3, where the 

current flowing between two close DAB converters is equivalent to io according to Kirch-

hoff’s Current Law (KCL). Then, the output current of each DAB module ioα can be ex-

pressed as,  

 
o o coi i i = +                                                                   (4-4) 

 
Figure 4-3  The output-side circuit of the IPOS DAB dc-dc converter system. 

Moreover, the transferred current iTα of DAB dc-dc converter based on the SPS modu-

lation method can be shown as [1], 
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here Pα is the transferred power, Uinα is the input voltage, Dα is the phase-shift ratio, nα is 

the transformer turn ratio and Lα is the inductance for each DAB dc-dc module. Dα can be 

calculated by iTα as, 
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Ignoring power losses, the transferred power is equivalent to the output power of each 

DAB module, and iTα can be equivalent to ioα. However, the power losses of the IPOS DAB 

dc-dc converter in actual system cannot be neglected. Therefore, a compensation coeffi-

cient kC should be introduced to eliminate the difference between ioα and iTα as, 

CT oki i  =                                                                       (4-7) 

In terms of accurately maintaining output dc-link voltage of the IPOS DAB dc-dc con-

verter, kC can be calculated by a virtual output voltage Udcv generated by the outer-voltage 

loop integral controller with the control input (U*dc-Udc). Then, kC can be expressed as, 

dcv
C

dc

U
k

U
=                                                                       (4-8) 

According to (7), (4-4) can be further expressed as, 

dcv dcv
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dc dc
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U U

i i
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 = +                                                             (4-9) 

As shown in (4-9), iTα can be divided into two parts for meeting the output-current re-

quirement for load and adjusting capacitor voltage for each DAB dc-dc converter as, 
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                                                            (4-10) 

In (4-10), when desired output dc-link voltage of the IPOS DAB dc-dc converter is 

achieved, Udcv is approximately equal to Udc. Therefore, in terms of adjusting the capacitor 

voltage for each DAB converter, i'coα can be seen as icoα. Besides, combining (4-3) and 

(4-10), the block schematic of the tunable power sharing control strategy can be shown in 

Figure 4-4, and the tunable power sharing control strategy for the IPOS DAB dc-dc con-

verter system can be implemented. The I controller is employed to compensate the error 

between Udc and U*dc, and the PI controllers with the identical integral and 
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proportionality parameters are used to adjust Ucoα synchronously. At the beginning of 

each switching cycle, Uinα, Ucoα and io are measured, and Udc can be calculated as the sum 

of Ucoα. Through the PI controller, ΔUcoα can be obtained by Ucoα and U*coα, and then, icoα 

can be calculated according to (4-3). Similarly, from the I controller, Udcv can be obtained 

by Udc and U*dc, and i'o can be acquired by using (4-10). Finally, according to (4-6), Dα for 

each DAB module can be obtained. Generally, in the battery- or supercapacitor-based ESS 

system, U*coα can be acquired for implementing the state-of-charge-balancing control of 

batteries and super capacitors [40, 162, 163]. 

 
Figure 4-4  The block schematic of the tunable power sharing control strategy. 

 
Figure 4-5  The block schematic of the variant tunable power sharing control strategy for black start. 

 

4.1.2   Black-Start Operation and Hot-Swap Processes 

A. Black Start of the IPOS DAB dc-dc Converter System. 

Under the tunable power sharing control strategy, fluctuations of capacitor voltages are 

difficult to avoid, since the change of i'o cannot be consistent with the change of io during 

the start-up process, and extra power should be employed to charge capacitor voltages. 

To realize black start of the IPOS DAB dc-dc converter, a variant tunable power sharing 

control strategy should be used, which can be shown in Figure 4-5. 
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Different from the original tunable power sharing control strategy, io is employed as a 

current feedforward control, and the load current can be satisfied continuously during the 

start-up process. Therefore, the change of Ucoα can be synchronized. When U*dc is reached, 

Udcv in tunable power sharing control scheme can be calculated as,  

dcv dcU U=                                                                        (4-11) 

Based on (4-11), the variant tunable power sharing  control scheme can be switched into 

tunable power sharing control scheme smoothly. 

B. Hot-Swap Process of the One DAB Module. 

To repair or replace energy storage equipment such as the battery and the super capac-

itor, the soft plug-in and plug-out control of DAB module is crucial for the IPOS DAB dc-

dc converter system. When the βth ESS equipment is required to be plugged out, the pro-

cess is divided into two steps for plugging out this source: 1) controlling the corresponding 

capacitor voltage towards zero, 2) shorting out the corresponding second-side H Bridge 

of the corresponding DAB module. During the first step, the capacitor voltage Ucoβ should 

be reduced gradually based on the tunable power sharing control scheme. When Ucoβ is 

smaller than the limited value ULM, the switches of the second-side H Bridge can be turned 

on, and ULM can be expressed as, 

 
LM LM onU i R                                                                 (4-12) 

where iLM is current rating of employed switches and Ron is the corresponding conducting 

resistor. This DAB module can be bypassed as shown in Figure 4-6, and the corresponding 

energy storage equipment can be taken down. 

In addition, when a new energy storage equipment is to be plugged in the IPOS DAB 

dc-dc system again, the plug-in process can be implemented by using tunable power shar-

ing control strategy with the new power sharing ratio for each DAB dc-dc module. Then, 

when the desired power sharing performance is achieved, this energy storage module can 

be plugged in completely. 
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Figure 4-6  The current flowing condition when one DAB module is bypassed.  

C. Additional Applications of the Tunable Power Sharing Control Scheme. 

The basic operating principle of the proposed tunable power sharing control strategy is 

the accurate compensation of the load current and the precise adjustment of the capacitor 

voltages. Therefore, the relationship of the transferred current and the control value of 

the dc-dc converter module should be determined, such as in (4-5) for the DAB dc-dc 

converter. According to this principle, the proposed method can be employed for the out-

put-series dc-dc converter system with an ac-inductance-based converter module. For the 

ac-inductance-based converter such as half-bridge dc-dc converter [164], full bridge dc-

dc converter [33] and three-phase DAB dc-dc converter [165], the ac voltages are gener-

ated on both sides of its inductance resulting in ac inductance current. Besides, the trans-

ferred power and the transferred current of this kind of converter can be determined by 

the control value in each switching period directly [69, 166]. For example, the transferred 

current iTF of full bridge dc-dc converter system can be expressed as, 
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here UinF is input voltage, nF is the transformer turn ratio, fF is the switching frequency, 

LF is the inductance, UoF is the output voltage, and d is the phase-shift ratio for the full 

bridge dc-dc converter system. Each iTF can be determined by a certain phase-shift ratio 

d. Based on (4-13), d can be calculated by iTF and the tunable power sharing control strat-

egy can be also implemented. 
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4.2. A Power Sharing Control Scheme with Fast-Dynamic 

Response for ISOP DAB dc-dc Converter System 

In this section, based on the minimum-current-stress phase-shift modulation method, 

a power sharing control scheme with fast-dynamic response is proposed for the ISOP DAB 

dc-dc converter system as shown in Figure 1-11, which can provide the fast-dynamic per-

formance when the input voltage, the load resistor and the power sharing performance 

among DAB modules are changed. Moreover, to ensure the desired power sharing perfor-

mance of the ISOP DAB dc-dc converter system, the general inductance-estimating 

method is proposed. 

 

4.2.1   The Inherent Coupling Phenomenon Between Regulations of 

Input Voltages and Output Voltage 

In this section, the average model of the ISOP DAB dc-dc converter system is presented. 

Besides, the current distributions on both the primary side and the secondary side are 

demonstrated, which can be employed to analyze the coupling relationship between the 

adjustment of the input voltages and the output voltage. Traditionally, the inductance of 

the dc-dc converter such as buck and boost plays an important role in the modeling anal-

ysis. Nevertheless, since the transferred current of DAB dc-dc converter can be deter-

mined by the circuit parameter and the phase-shift ratio, the middle ac inductance can be 

neglectful [69, 167]. Thus, the simplified circuit of the ISOP DAB dc-dc converter system 

can be shown in Figure 4-7, where the input-side current and the output-side current can 

be modeled as the controllable current source. 

 
Figure 4-7  The simplified circuit of ISOP DAB dc-dc converter system. 
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According to Figure 4-7, the average model of the ISOP DAB dc-dc converter can be 

expressed as, 
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According to (4-14), since the total disturbances of the input voltage for each DAB mod-

ule should be zero, the input current iin can be expressed as, 
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In (4-15), when the ISOP DAB dc-dc converter is at steady state condition, the trans-

ferred current for each DAB module iinα should be equivalent to the input current iin. Be-

sides, assuming the input capacitors are the same when a variation ∆iinβ is added to the 

βth DAB module for adjusting its input voltage, the input voltage iin can be expressed as, 

 1
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i i
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                                                (4-16) 

where i'in is the required input current for the load side at steady-state condition. The 

capacitor charging current icinα for each DAB module can be expressed as, 
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On this condition, the transferred current to the output side can be calculated as, 
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According to (4-18), the charging current of the output capacitor ico can be calculated 

as, 
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The output voltage cannot be stable since the charging current of the output capacitor 

is not zero. Moreover, when all the input voltage Uinα should be adjusted positively for the 

desired power sharing performance, the variation ∆iinα for each DAB module can be ex-

pressed as, 
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Assuming the input capacitors are the same, the sum of the transferred current varia-

tions can be expressed as, 

 
1

0
m

ini 
=

 =                                                                         (4-21) 

According to (4-15) and (4-21), the input current iin cannot be changed. Then, combin-

ing Figure 4-7 and (4-18), the charging current ico of the output capacitor can be expressed 

as, 
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During the transient process for adjusting the input voltages, the input voltages Uinα for 

each DAB module are usually not the same, so the charging current for the output capac-

itor is not zero. Thus, the disturbance of the output voltage is not evitable. In reverse, if 

ico is forced to zero in (4-22), the disturbance of the output voltage can be omitted, but the 

sum of the transferred current variations cannot be zero. Therefore, the change of the 

input voltages Uinα cannot be the same as the requirement. In terms of adjusting the input 

voltages for each DAB module, the coupling of the regulation of the input voltages and the 

adjustment of the output voltage cannot be neglectful. 

 

4.2.2   The Proposed Power Sharing Control Scheme with Fast-Dy-

namic Response 

In this section, the novel power sharing control scheme with fast-dynamic response is 

proposed for the ISOP DAB dc-dc converter. To reduce the power loss, an existing 
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minimum-current-stress modulation method is adopted [159]. Then, the proposed power 

sharing control scheme is presented and analyzed, which can also provide fast-dynamic 

response when the input voltage and load resistor are changed. 

A. Minimum-Current-Stress Modulation Method. 

The waveforms of the minimum-current-stress modulation method can be shown in 

Figure 4-8, where Dα1~Dα3 are the phase-shift ratios. Based on this modulation method, 

the soft switching performance can be obtained during the whole power range, and the 

minimum conduction power loss can also be achieved. Then, the corresponding phase-

shift ratios Dα1~Dα3 can be obtained from Table I, where ITα is the transferred current, nα 

is the transformer turn ratio, L is the middle inductance of the αth DAB dc-dc module.  

 
(a). Phase-shift modulation methods when k>1. 

 
 (b). Phase-shift modulation methods when k<1. 

Figure 4-8  The minimum-current-stress modulation method under different voltage conditions. 

Table 4-I   Optimized Solutions of Minimum-Current-Stress Modulation Method with Transferred Cur-
rent. 
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According to Figure 4-7,  the transferred current ITα for each DAB module can be ex-

pressed as, 

 in in
T

o

i U
I

U

 
 =                                                                      (4-23) 

Moreover, based on Table I, the current-level modulation operation can be realized, 

and the corresponding schematic can be shown in Figure 4-9. 

 
Figure 4-9  The schematic of current-level modulation for DAB converter. 

As shown in Figure 4-9, if the transferred current ITα is employed as the effective control 

value for DAB dc-dc converter, the current-level modulation can be employed. Based on 

some existing modulation methods [159], the phase-shift ratios can be determined by the 

transferred current or power even during transient process. Thus, when the DAB con-

verter is modeled, the underlying phase-shift ratios can be avoided, which can signifi-

cantly simplify the modeling analysis about the DAB converter. 

B. The Input-Oriented Power Sharing Control Method with Fast-Dynamic Response. 

According to (4-22), when the input voltages should be controlled positively, the influ-

ence on the output voltage is unavoidable. So, to reduce this influence, the changes ∆Uinα 

of each input voltage should be relatively small. Then, the charging current icinα for each 

input-side capacitor can be calculated as, 
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Moreover, to deal with the disturbance of the load condition, the required output cur-

rent for the ISOP DAB dc-dc converter can be calculated as, 
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where U*o is the desired output voltage and Req is the equivalent load resistor. Since the 

power losses cannot be neglectful in the actual converter system, a compensation value kc 
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should be introduced by using the fuzzy adjustment of the PI controller. The compensa-

tion value kc can be the output value of the PI controller with the output voltage and its 

desired value as inputs. Besides, the static error can be reduced, and (4-25) can be fur-

therly expressed as, 
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* = o o
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o

i U
i k

U
                                                              (4-26) 

In (4-26), the all DAB modules should share this required output current i*o. Tradition-

ally, the existing strategies prefer to divide this required output current evenly for each 

dc-dc converter module [97, 98, 101, 107, 108]. However, this operation usually influences 

on the regulation of the input voltages since the DAB modules should have different trans-

ferred current abilities with different input voltages, and the input-side capacitors should 

compensate the transferred currents. Thus, the adjustment of the output voltage influ-

ences the input voltages when the input voltages are not the same. To meet the current 

transferred abilities of each DAB module, the transferred current iα for meeting the re-

quirement of output side should be expressed as, 
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                                                           (4-27) 

 
Figure 4-10  The diagram of the proposed input-oriented power sharing control scheme with fast 
dynamic response for ISOP DAB dc-dc converter. 

According to (4-27), when the input voltage and the load condition is changed, the in-

fluence on the voltage sharing performance on the input side can be significantly elimi-

nated. Besides, combining Table 4-I, (4-3), (4-26) and (4-27), the proposed input-ori-

ented power sharing control scheme with fast-dynamic response can be demonstrated in 

Figure 4-10. At the beginning of the switching period, the input voltages, the output volt-

age, and the load current are measured. Based on the error of the output voltage and its 
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desired value, the compensated value kc can be obtained from the PI controller. Moreover, 

according to (4-26), the required output current can be calculated, and based on (4-27), 

the required transferred current iα of each DAB module for meeting the requirement of 

load side can be obtained. In addition, based on the error of the input voltages and their 

desired values, the required change values for each input voltage can be obtained based 

on a P controller. Then, according to (4-3) and Uinα/Uo, the required transferred current 

∆iα for adjusting the input voltages can be obtained. However, since the input voltages of 

each module may be very different, the item Uinα/Uo should usually result in large differ-

ence of transferred currents for charging and discharging the input-side capacitors. So, it 

is better to delete this item in the control system. Furthermore, the total required trans-

ferred current ITα can be calculated as the difference of iα and ∆iα. Finally, based on Table 

I, the corresponding phase-shift ratios can be obtained, and the proposed strategy can be 

implemented for positively adjusting the input voltages and dealing with the disturbance 

of the total input voltage and the load condition. 

C. The Designs of the P Parameter and the PI Parameters in the Proposed Scheme. 

Combining (4-20), (4-22) and Figure 4-10, when the input voltages of DAB modules 

are adjusted, the disturbance of the output voltage ∆Uo in a switching period can be ex-

pressed as, 
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where kpin is the proportional parameter of the P controller. Assuming the allowable out-

put-voltage disturbance ∆Uomax, kpin can be calculated as, 
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Moreover, since storage energy in middle inductance at the beginning and the end of a 

switching period can be regarded as the same at the steady-state condition and during the 

transient process, the simplified circuit of the ISOP DAB dc-dc converter can be shown in 

Figure 4-11. 
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Figure 4-11 The simplified circuit of the ISOP DAB dc-dc converter. 

To reduce the influence on the output voltage during the adjustment of the input volt-

ages, the variations of the input-capacitor currents should be very small. Thus, these 

branches for adjusting the input voltages can be eliminated when analyzing the PI param-

eters of the middle PI controller in Figure 4-10. Then, the control schematic for regulating 

the output voltage can be demonstrated in Figure 4-12. 

 
Figure 4-12  The control schematic for regulating the output voltage. 

Table 4-II   Circuit Parameters of The ISOP DAB dc-dc Converter System 

Parameter Value 

L1, L2 40μH 

n1, n2 1 

fs 40 kHz 

R 15Ω ~ 50Ω 

Uin 100V ~120V 

U*
o 50V 

kp, ki, kPin 0.05, 0.005, 0.2 

Cin1, Cin2, Co 1mF 

 

According to Figure 4-12, the transfer function with control-loop delay can be expressed 

as, 
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In addition, the main circuit parameters of the ISOP DAB dc-dc converter can be shown 

in Table 4-II. Combining (4-30), the bode diagram can be demonstrated as Figure 4-13. 
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Figure 4-13  The bode diagram of the control loop for regulating the output voltage. 

As shown in Figure 4-13, the phase margin at cross-over frequency is bigger than 45° 

as 90°, so the stability of the proposed power sharing control scheme with fast-dynamic 

response can be ensured for the ISOP DAB dc-dc converter. 

4.2.3   The Inductance-Estimating Method for Ensuring the De-

sired Power Sharing Performance 

According to Table I, the circuit parameters are employed to realize the power sharing 

performance of the ISOP DAB dc-dc converter system. So, if the employed inductance is 

not accurate, the power sharing performance should be affected without the integral func-

tion for adjusting the input voltages. When the steady-state condition is achieved, the re-

lationship between the input power and the output power for each DAB module can be 

expressed as, 
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where i'Tα is the actual transferred power for each DAB module. Assuming the actual in-

ductance for each DAB module is L'α, (4-31) can be further expressed as, 
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By using the first inductance L'1 as reference, the other inductance can be calculated as, 
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According to (4-33), the total transferred current iT can be calculated as, 

 1 11 1

21 1 1

m
T inT

T

in

i LUi L
i

L LU



=

= +
 
                                                          (4-34) 

Phase Margin 90° 

Crossover Frequency  150rad/s

Frequency (rad/s)
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Based on Energy Conversion Law, the total transferred current iT should be equivalent 

to the desired output current i*o as, 
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According to (4-35), the actual inductance L'1 of the first DAB module can be expressed 

as, 
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Combining (4-33), the inductances of other DAB modules can be estimated. Moreover, 

the transferred current of each DAB module can be expressed as, 
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Combining (4-27) and (4-37), the estimated inductance for each DAB module can be 

expressed as, 
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According to (4-38), even without knowledge of inductance values, the proposed in-

ductance-estimating method can be employed in other control schemes with measure-

ment of load current for the ISOP DAB dc-dc converter system. Moreover, since the in-

ductance-estimating method should be employed in the steady-state condition for more 

accurate estimated value, the decoupling between the estimating process and the transi-

ent process should be realized, especially for dealing with the load-resistor disturbance. 

In addition, the change of the load current can be employed to stop the estimating process, 

and the change of the input voltage should be observed for ensuring the steady-state con-

dition of input voltages. Furthermore, when the change of the input voltage of two switch-

ing periods is smaller than the peak value of the measurement noise, the estimating op-

eration can be activated again. The time duration of these two switching periods should 

be big enough such as more than half of the change time of the input voltages. 
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4.3. Verification 

In this section, based on the small-scale experiment platforms, the experiment results 

are employed to verify the effectiveness of the proposed schemes for the IPOS DAB dc-dc 

converter system and the ISOP DAB dc-dc converter system. Moreover, for the ISOP DAB 

dc-dc converter system, the simulation results are also provided for monitoring some 

middle control values of the proposed power sharing control scheme with fast-dynamic 

response. 

 

4.3.1   A Tunable Power Sharing Control Scheme for the IPOS DAB 

dc-dc Converter System 

An experiment platform for the IPOS DAB dc-dc converter system with two DAB mod-

ules is established to compare with the voltage PI-based (VPI) method and the tunable 

power sharing control scheme, and the main circuit parameters of the IPOS DAB dc-dc 

converter are illustrated in Table 4-III. The corresponding experimental platform can be 

shown in Figure 4-14. 

Table 4-III   Circuit Parameters of the IPOS DAB dc-dc Converter System. 

Parameter Value 

Uin1, Uin2 30V 

n1, n2 1/2 

L1 400μH  

L2 200μH 

Ts 0.1ms 

R 40Ω or 56Ω 

Co1 1.0 mF,  

Co2 0.5 mF 

U*
o 60V 

fs 10kHz 

 

When R is selected as 56Ω, Figure 4-15 shows the start-up process of the IPOS DAB dc-

dc converter system under different strategies. As shown in Figure 4-15, tunable power 

sharing control strategy can reach U*dc in a short time as 100ms, compared with VPI 

method (200ms) and variant tunable power sharing control scheme (200ms). Moreover, 

based on the variant tunable power sharing control scheme, Udc, Uco1 and Uco2 can obtain 
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their desired values simultaneously, and the black-start performance of the IPOS DAB dc-

dc converter can be implemented. 

 
Figure 4-14  The small-scale experimental platform for IPOS DAB dc-dc converter system with two 
modules. 

When R is set to 56Ω, Figure 4-16 shows the experimental results under disturbances 

of power sharing coefficients. When the power sharing requirement is set as P*1:P*2=1:1, 

Uco1 and Uco2 in steady state condition should be stabilized at 30V and 30V, respectively, 

and when output power of one DAB module is required as double as the output power of 

the other DAB module, its output voltage should also be twice the other’s output voltage. 

As shown in Figure 4-16(a), the disturbances of Udc are bigger than 2V during the adjust-

ing process of Uco1 and Uco2 under VPI method, and the settling time of Udc is about 400ms 

for a new power sharing performance. Moreover, based on the tunable power sharing 

control strategy, Udc can stay stable when adjusting Uco1 and Uco2 [see Figure 4-16(b)]. 

When R is set to 56Ω, Figure 4-17 shows the experimental results during plug-out and 

plug-in processes of the second DAB module (representing the second ESS equipment). 

As shown in Figure 4-17(a), when the second DAB module is plugged-out or plugged-in, 

the disturbance of Udc is bigger than 4V under VPI method, and the settling time for both 

processes is greater than 100ms. Moreover, as shown in Figure 4-17(b), regardless of 

plug-out process or plug-in process, Udc can be maintained at its desired using the pre-

sented tunable power sharing control strategy. 

Figure 4-18 shows experimental results of the IPOS DAB dc-dc converter under various 

load resistors between 40Ω and 56Ω. As shown in Figure 4-18(a), disturbances of Udc, Uco1 

and Uco2 are present under VPI method, and change in Udc is close to 12V. Moreover, the 

settling time of Udc is about 200ms. In addition, based on the tunable power sharing con-

trol strategy, Udc, Uco1 and Uco2 are maintained at their desired values under tunable power 
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sharing control scheme [see from Figure 4-18(b)], and the high robustness for the IPOS 

DAB dc-dc converter can be provided. 

  
(a). The VPI method.  

 
(b). The tunable power sharing control strategy. 

 
(c). The variant tunable power sharing control scheme. 

Figure 4-15  Experimental results of start-up process under different methods. (Uco1, Uco2 and Udc: 
15V/div; io: 0.5A/div; Time: 200ms/div) 

 
(a). The VPI method.  

 
(b). The tunable power sharing control strategy. 

Figure 4-16  Experimental results under changes of the power sharing requirement. (Uco1, Uco2 and 
Udc: 15V/div; io: 0.5A/div; Time: 1s/div) 
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(a). The VPI method. 

 
(b). The tunable power sharing control strategy. 

Figure 4-17  Experimental results during the hot swap process. (Uco1, Uco2 and Udc: 15V/div; io: 
0.5A/div; Time: 1s/div) 

 
(a). The VPI method.  

 
(b). The TPSC strategy. 

Figure 4-18  Experimental results under disturbances of load resistor. (Uco1, Uco2 and Udc: 15V/div; 
io: 0.5A/div; Time: 1s/div) 

4.3.2   A Power Sharing Control Scheme with Fast-Dynamic Re-

sponse for the ISOP DAB dc-dc Converter System 

In this section, based on the circuit parameters in Table 4-II, a simulation model and a 

small-scale experiment platform with two DAB modules is built to verify the proposed 
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power sharing control method with fast-dynamic response for the ISOP DAB dc-dc con-

verter system. 

A. The Simulation Results. 

The comparison of the traditional method [107, 108] and the proposed power sharing 

control scheme with fast-dynamic response is provided. Moreover, by using the proposed 

general inductance-estimating method for the ISOP DAB dc-dc converter, the inductance 

values under the traditional method are estimated with the measurement of the load cur-

rent. 

When the input voltage is 100V and the power balance performance is achieved, Figure 

4-19 shows the simulation results of the traditional method and the proposed scheme 

when the load resistor is changed between 15Ω and 50Ω. As shown in Figure 4-19(b), 

when the load resistor is changed, the total transferred current ∑iTX under the proposed 

scheme can follow with the change of the load current timely as shown in Figure 4-19(a). 

Thus, as shown in Figure 4-19(c), the output voltage can remain at its desired value 50V 

by using the proposed scheme. However, compared with Figure 4-19(a) and Figure 4-19(b) 

under the traditional method, the total transferred current cannot be stable at the re-

quired current timely, so the output voltage disturbances are obvious. 

                
             (a). The load current (A).                   (b). The total transferred current (A).     

 
(c). The output Voltage (V). 

Figure 4-19 The simulation results when the load resistor is changed. (t: 20ms/div)  
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(a). Input voltages (V) under traditional.   (b). Input voltages (V) under proposed. 

                 
(c). The total transferred current (A).                (d). The output voltage (V). 

Figure 4-20 The simulation results when the power sharing performance is changed. (t: 20ms/div)  

Moreover, when the input voltage is 100V and the load resistor is 15Ω, Figure 4-20 

shows the simulation results when the power sharing performance of these two DAB mod-

ules is changed between 1:1 and 2:1 [see from Figure 4-20(a) and Figure 4-20(b)]. As 

shown in Figure 4-20(c), during the regulation of input voltages, the transferred current 

under the proposed scheme can keep constant, but the transferred current under the tra-

ditional method has some disturbances. Besides, according to Figure 4-20(d), the stable 

output voltage can be obtained by using the proposed scheme, but the output-voltage dis-

turbances under the traditional method is obvious. 

                
   (a). Estimated inductances (μH).              (b). The relationship of L'1 and L'2. 

Figure 4-21 The simulation results of the estimated inductance by using the proposed general in-
ductance-estimating method embedded in the traditional control method. (t: 20ms/div) 

In addition, when L1 is changed to 30μH in the simulation model, Figure 4-21 shows 

the simulation results of the proposed inductance-estimating method embedded in the 

traditional method [26-27] at the cost of an additional load-current sensor. As shown in 

Figure 4-21(a), the estimated inductances are close to the configured values. The relation-

ship of these two estimated inductances can be accurate as shown in Figure 4-21(b). 

Therefore, the proposed general inductance-estimating method can also be employed in 
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other control schemes for the ISOP DAB dc-dc converter if the accuracy of the inductances 

should be ensured. 

B. The Experiment Results. 

When the inductance of the first DAB module L1 is inaccurate as 24µH, Figure 4-22 

shows the experiment results when the input voltage and the load resistor are changed. 

As shown in Figure 4-22(a) and Figure 4-22(b), when the total input voltage is changed 

between 100V and 120V, the output voltage Uo can be kept at its desired value as 50V. 

However, the power balance performance cannot be achieved since the inductance value 

L1 is not accurate. Moreover, as shown in Figure 4-22(c) and Figure 4-22(d), when the 

load resistor is changed between 15Ω and 50Ω, the output voltage Uo can be stable at its 

desired value. Therefore, when the inductance value is not accurate, the desired power 

sharing performance cannot be realized, but the excellent dynamic response can be pro-

vided for the ISOP DAB dc-dc converter. 

                
(a). Uin: 100V→120V.                                                (b). Uin: 120V→100V. 

                 
(c). R: 50Ω→15Ω.                                                 (d). R: 15Ω→50Ω. 

Figure 4-22 The experiment results when L1=24µH and L2=40µH. (Uin1, Uin2 and Uo: 20V/div; io: 
2A/div; t: 20ms/div) 

When the total input voltage is 100V, the desired output voltage is 50V and the load 

resistor is 15Ω, the experiment result of these estimated inductances of these two DAB 

modules can be shown in Figure 4-23. As shown in Figure 4-23, the estimated inductance 

of the first DAB module L1 is 43.2µH, and the estimated inductance of the second DAB 
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module L2 is 43.7µH. Thus, these estimated inductances are close to the actual induct-

ances as shown in Table II but a little bigger, which should be caused by the power losses. 

 
Figure 4-23  The estimated inductances. 

                 
(a). Uin: 100V→120V.                                                  (b). Uin: 120V→100V. 

                 
(c). R: 50Ω→15Ω.                                                            (d). R: 15Ω→50Ω. 

                 
(e). P1:P2= (1:1)→(2:1).                                                  (f). P1:P2= (2:1)→(1:1). 

Figure 4-24 The experiment results with estimated inductances L1=43.2µH and L2=43.7µH. (Uin1, 
Uin2 and Uo: 20V/div; io: 2A/div; t: 20ms/div) 

Based on the estimated inductances, the experiment results can be shown in Figure 

4-24 when the input voltage, the load resistor, and the power sharing performance are 

changed. A shown in Figure 4-24(a) and Figure 4-24(b), the power balance performance 
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of the ISOP DAB dc-dc converter can be ensured, and when the input voltage is changed, 

the output voltage can be stable at its desired value. Moreover, as shown in Figure 4-24(c) 

and Figure 4-24(d), when the load resistor is changed between 15Ω and 50Ω, the output-

voltage disturbance can be regarded as zero. In addition, As shown in Figure 4-24(e) and 

Figure 4-24(f), when the desired power sharing performance of these two DAB modules 

is changed between 1:1 and 2:1, the corresponding actual power sharing performances are 

1:1 and 1.97:1. So, based on the proposed scheme, the power sharing performance of the 

ISOP DAB dc-dc converter can be adjusted flexibly. Furthermore, when the power sharing 

performance is changed, the output voltage can be kept at its desired value. Therefore, 

with the estimated inductances, the required power sharing performance can be ensured, 

and the excellent dynamic response can be achieved when the input voltage, the load re-

sistor, and the power sharing performance are changed. 

                 
(a). Uin: 100V→120V.                                                   (b). Uin: 120V→100V. 

                 
(c). R: 50Ω→15Ω.                                                   (d). R: 15Ω→50Ω. 

                 
(e). P1:P2= (1:1)→(2:1).                                                   (f). P1:P2= (2:1)→(1:1). 

Figure 4-25  The experiment results when L1=40µH and L2=40µH. (Uin1, Uin2 and Uo: 20V/div; io: 
2A/div; t: 20ms/div) 
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With the actual inductances of these two DAB modules, the experiment results, when 

the input voltage, the load resistor and the power sharing performance are changed, can 

be shown in Figure 4-25. Similarly, when the input voltage, the load resistor and the 

power sharing performance of the ISOP DAB dc-dc converter are changed, the output 

voltage can be kept at its desired value, and the excellent dynamic performance can be 

provided for this converter system. Moreover, as shown in Figure 4-25(e) and Figure 

4-25(f), when the desired output power of the first DAB module is double as that of the 

second DAB module, the actual power sharing performance of these two modules is 1.99: 

1, and when the desired output power of the first DAB modules should be the same as that 

of the second DAB module, this power balance requirement can be achieved. Therefore, 

with actual inductance values, the desired power sharing performance can be ensured for 

the ISOP DAB dc-dc converter by using the proposed power sharing control scheme with 

fast-dynamic response. Thus, compared Figure 4-24 with Figure 4-25, the effectiveness 

of the proposed inductance-estimating method can be verified. 

 

4.4. Summary 

In this Chapter, a tunable power sharing control strategy is proposed for the IPOS DAB 

dc-dc converter system. Based on this scheme, the fast-dynamic control performance can 

be obtained when the input voltage, the load resistor and the power sharing performance 

are changed. Besides, with a simple variation, the tunable power sharing control strategy 

can implement black-start performance for the IPOS DAB dc-dc converter system. More-

over, based on the presented hot-swap operations, when one DAB module is plugged-in 

or -out, the output-side total voltage can stay unchanged. In addition, an input-oriented 

power sharing control scheme with fast-dynamic response is proposed for the ISOP DAB 

dc-dc converter system, which can realize the complete decoupling between the regula-

tion of the input voltage and the adjustment of output voltage. Besides, the proposed 

scheme can provide the excellent dynamic response for the ISOP DAB dc-dc converter 

system when the total input voltage, the load resistor and the power sharing performance 

are changed. Furthermore, based on the proposed inductance-estimating method, the in-

ductance values for each DAB module can be estimated, which can also be employed to 

ensure the power sharing performance of the ISOP DAB dc-dc converter system.   
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Chapter 5  

The DAB-Based PPP Converter 

System with Robust DC-Link Voltage 

for Islanded DC Microgrid 

As mentioned in Chapter 1, another important application of the DAB-based dc-dc 

converter system is the PPP converter system. Although the PPP converter systems are 

extensively studied for connecting the renewable energy source and the strong ac grid 

system, the PPP converter system for the islanded dc microgrid still needs of study. There-

fore, a DAB-based PPP converter system is proposed for realizing the independent control 

of the renewable energy source and the stabilization of the total dc-link voltage in this 

Chapter. Generally, the renewable energy source should feature the current output and 

the limited requirement of the output-voltage regulation, such as PV, fuel cell and wind 

turbine with ac-dc conversion. Moreover, to deal with the disturbances such as the change 

of battery voltage, the variation of the renewable energy source and the load condition, a 

high-robustness control scheme is proposed for maintaining the total dc-link voltage in 

this Chapter. Furthermore, by using the PV as an example, the effectiveness of the pro-

posed DAB-based PPP converter system and the proposed high-robustness control 

scheme is discussed and analyzed. 

In this Chapter, based on SPS modulation, the topology of this DAB-based PPP con-

verter system is analyzed in section 5.1. Moreover, to boost the robustness of the dc-link 

voltage, a high-robustness control strategy is proposed for maintaining the dc-link voltage 

when the working condition of the renewable energy source, the output voltage of the 

battery and the load condition are changed in section 5.2. Besides, when one renewable 

source is out of work, the corresponding operation is presented. Finally, simulation re-

sults and experiment results are provided to verify the effectiveness of the proposed DAB-

based PPP converter system and the proposed high-robustness control scheme with fast-
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dynamic response in section 5.3. Then, the logic structure of this Chapter can be summa-

rized in Figure 5-1. 

 
Figure 5-1 Logic structure of Chapter 5.  

5.2 THE PROPOSED HIGH-ROBUSTNESS CONTROL SCHEME

CH5: THE DAB-BASED PPP SYSTEM FOR ISLANDED DC MICROGRID

5.1 THE PROPOSED DAB-BASED PPP CONVERTER SYSTEM

The proposed scheme Operation when energy 
source is out of work 

5.3 THE SIMULATION AND EXPERIMENT VERIFICATIONS
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5.1. The DAB-based PPP Converter system 

In this section, the simplified circuit of the DAB-based PPP converter system as shown 

in Figure 1-15 is analyzed at first, and the SPS modulation method is discussed for realiz-

ing the bidirectional power transmission of the converter system.  

 

5.1.1   The Simplified Circuit of the DAB-based PPP Converter Sys-

tem 

The DAB-based PPP converter system can be shown in  Figure 1-15. Since the trans-

ferred current of the DAB dc-dc converter can be determined by the circuit parameter and 

the phase-shift ratio, the middle ac inductance can be neglectful [69, 168]. So, the DAB 

converter can be treated as a controllable current source by using different control values. 

Moreover, renewable energy source such as the PV panel, fuel cell and WT with ac-dc 

conversion can be modeled as a current source [169, 170], and the battery is a voltage 

source. Then, by using PV as an example, the simplified circuit of the DAB-based PPP 

converter system can be shown in Figure 5-2. According to Figure 5-2, the average model 

of the DAB-based converter system can be expressed as, 
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                             (5-1) 

Based on (4-1), the transferred current of the first (m-1)th DAB modules can be em-

ployed to adjust the output voltage UPVα of the PV panels for the MPPT performance. Be-

sides, to maintain the dc-link voltage UMD, the input voltage UC of the compensated DAB 

module should be controllable, which can be realized by adjusting the transferred current 

ITM of this DAB module. 
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Figure 5-2  The simplified circuit of the DAB-based PPP converter system with battery integration. 

 

5.1.2   The Single-Phase-Shift Modulation Method 

For the DAB dc-dc converter, the SPS modulation method is the most popular modu-

lation method for realizing the flexible power transmission. Thus, the SPS modulation 

method is adopted, which can be illustrated in Figure 5-3 for bidirectional power trans-

mission, where Uabα is the output voltage of the primary-side H Bridge, Ucdα is the output 

voltage of the secondary-side H Bridge, iLα is the inductance current, Dα is the phase-shift 

ratio and Tsα is the switching period of the corresponding DAB modules 

 
(a). DABs transfer power to the battery. 

 
(b). DABs absorb power from the battery. 

Figure 5-3 The SPS modulation method of the DAB converter for bidirectional power flowing condi-
tions. 

According to Figure 5-3, the transferred power Pα of DAB module connected to PV 

panel under SPS modulation method can be expressed as, 
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The transferred current ITα of the DAB module can be expressed as, 
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According to (5-3), the phase-shift ratio Dα can be calculated as, 
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Similarly, the phase-shift ratio Dm of the mth DAB module can be expressed by its trans-

ferred current ITm as, 
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5.2. The Proposed High-Robustness Control Strategy 

In this section, a high-robustness control strategy is proposed for the DAB-based PPP 

converter system with battery integration as Figure 1-15, which can provide the required 

output voltage for the renewable energy source and boost the robustness of the total dc-

link voltage. By using the PV as an example, the MPPT performance can be realized with 

the required output voltage. Moreover, when the renewable energy source is out of work, 

the corresponding operation is also presented based on the high-robustness control 

scheme, which can be employed when the PV module is heavily shaded or at night for all 

the DAB converters connected with PV panels. 
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5.2.1   The High-Robustness Control Scheme 

For the PV panels, the typical output characteristic can be shown in Figure 5-4, and 

under different irradiance, there is a maximum output power point [170, 171]. By adjust-

ing the output voltage of the PV panel, this MPPT performance can be obtained, and these 

output voltages under different irradiances are relatively close, which also benefits the 

proposed PPP converter system. Moreover, perturb and observe (P&O) method or the hill 

climbing method is the widely used technique to track the maximum output power of PV 

panels as shown in Figure 5-5 [172, 173]. By positively perturbing the output voltage of 

the PV panel, the difference in power before and after perturbation can be obtained. If the 

power difference is positive, the directional of the perturbation should be the same. Oth-

erwise, the perturbating direction should be reversed. 

 
Figure 5-4  The typical output characteristic of PV panel. 

 
Figure 5-5  The basic block diagram of P&O MPPT. 

Moreover, according to Figure 5-2, to meet the requirement of the load side, the bus 

current ibus should be equivalent to the load current iMD. To immediately track the change 

of load, the required current i*MD of each DAB module for supporting the electricity con-

sumption can be expressed as, 
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illustrated in Figure 5-6. At the beginning of the switching period, the output current of 

each PV panel, the voltage of each PV panel, the input voltage of the additional converter, 

the load current, the battery voltage, and the total dc-link voltage are measured. Moreover, 

based on the output voltage and the output current of each PV panel in the current switch-

ing period and the last switching period, the new desired voltage of each PV panel can be 

obtained by using the P&O MPPT scheme [172, 173], and the other MPPT schemes can 

also be employed to obtained the desired voltage of each PV panel. Similarly, the required 

output voltage for fuel cell can be obtained from the control of the output current, and the 

constant voltage is enough for the wind turbine with ac-dc conversion. 

 
Figure 5-6  The control system for the partial power processing converter system with robustness dc -
link voltage. 

In addition, based on the load current and the dc-link voltage, the total desired output 

current for supporting the load side can be obtained. For the DAB module connected with 

the PV panel, the total transferred current can be obtained by combining the current 

which is employed to adjust the voltage of PV panel. This current can be obtained through 

the corresponding PI controller with the PV voltage and the desired voltage. Similarly, by 

combining the current for maintaining the dc-link voltage from the mth PI controller, the 

transferred current for the additional DAB dc-dc converter can be obtained. Besides, 

based on (5-4) and (5-5), the required phase-shift ratio for each DAB module can be ob-

tained, which can be used to realize the control of the DAB-based PPP converter system. 

Thus, the proposed high robustness control scheme can be realized for controlling this 

DAB-based PPP converter system with the independent control of the renewable energy 

source and the stabilization of the total dc-link voltage. Furthermore, the PV panels can 

be switched to other renewable energy sources with current output and limited output 

voltage range, the desired terminal voltage can be obtained from the outer control loop 

for these renewable energy sources. 
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5.2.2   The Operation When One Renewable Energy Source is Out 

of Work 

Sometimes, when the renewable energy source is out of work, the corresponding oper-

ation should be provided to determine the desired terminal voltage of the related DAB 

module. For example, when one PV module is heavily shaded, the output current of this 

PV panel is very small. Moreover, the output current of the PV panel should be zero at 

night. Then, the MPPT becomes meaningless. Thus, to deal with these conditions, these 

DAB modules can be turned into constant voltage control, and the desired voltage will be 

constant after the output current of the PV panel is smaller than the lower limit. Then, the 

simplified circuit of the DAB-based converter system can be shown in Figure 5-7. 

 
Figure 5-7  The simplified circuit of the DAB-based converter system when one renewable energy 
source such as PV is out of work. 

 

5.3. Verification 

In this section, by using the PV panels as example, a simulation model with three DAB 

modules and a small-scale experiment platform with two DAB modules is built to verify 

the effectiveness of the proposed DAB-based PPP system with battery integration and the 

proposed high-robustness control strategy with PV-covered operation for this converter 

system. 
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5.3.1   The Simulation Results with Two PV Panels and One Com-

pensating Module 

A simulation model with three DAB modules is built to verify the effectiveness of the 

proposed DAB-based PPP converter system and the proposed high robustness control 

scheme with fast-dynamic response for this converter system. Since the battery can be 

also switched into a low-voltage dc bus, a dc voltage source is employed to replace the 

integrated battery for testing the function of this proposed converter and the correspond-

ing control method. The circuit parameters of the converter system with three modules 

are shown in Table 5-I. 

Table 5-I   Circuit Parameters of the Simulation Model 

Parameter Value 

L1, L2, L3 4mH 

n1, n2, n3 1/5 

fs 1kHz 

R 150Ω ~300Ω 

ULD 80V ~90V 

U*
MD 1000V 

Modules of PV1 in series 14 

Modules of PV2 in series 13 

PV1, PV2 Trina Solar TSM-250PA05.08 

 

When the battery voltage ULD is 90V and the load resistor R is 150Ω, Figure 5-8 shows 

the simulation result with changed irradiances of PV panels. As shown in Figure 5-8(a), 

the irradiance of the first PV panel is changed from 600W/m2 to 560W/m2 then to 

600W/m2, and the irradiance of the second PV panel is increased from 520W/m2 to 

560W/m2 then to 600W/m2. Moreover, the desired output voltages of PV panels can be 

shown in Figure 5-8(b), and the corresponding output current of PV panels can be shown 

in Figure 5-8(c). Based on the proposed high robustness control scheme, the output volt-

ages of PV panels and the compensated voltage can be shown in Figure 5-8(d), and the 

total dc-link voltage UMD can be obtained as shown in Figure 5-8(e). Thus, based on the 

proposed control method, the robustness of the total dc-link voltage can be ensured when 

the irradiances of PV panels are changed. 
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   (a). Irradiance.                 (b). Desired PV voltage. 

 

       
(c). Output current of PV.       (d). Voltages for each DAB 

 
(e). The total dc-link voltage. 

Figure 5-8  Simulation results when the irradiances are changed.  

When the irradiance of the first PV panel is 600W/m2 and the irradiance of the second 

PV panel is 520W/m2, Figure 5-9 shows the simulation result with a changed load resistor. 

As shown in Figure 5-9(a), the load resistor is changed between 150Ω and 300Ω. Based 

on the proposed high robustness control scheme, the output voltages of PV panels and 

the compensated voltage can be shown in Figure 5-9(b), and the total dc-link voltage UMD 

can be obtained as shown in Figure 5-9(c), where the total dc-link voltage is maintained 

at its desired value. Therefore, based on the proposed control method, excellent dynamic 

performance can be provided for the presented DAB-based PPP converter system when 

the load resistor is changed. 
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(c). The total dc-link voltage. 

Figure 5-9  Simulation results when load resistor is changed.  

When the irradiance of the first PV panel is 600W/m2 and the irradiance of the second 

PV panel is 520W/m2, Figure 5-10 shows the simulation result with a changed voltage of 

the low-voltage bus. As shown in Figure 5-10(a), the voltage of the low-voltage bus is 

changed between 80V and 90V. Based on the proposed high robustness control scheme, 

the output voltages of PV panels and the compensated voltage can be shown in Figure 

5-10(b). Besides, as shown in Figure 5-10(c), the total dc-link voltage can be kept at its 

desired value by using the proposed high robustness control scheme. Therefore, based on 

the proposed control method, excellent dynamic performance can be provided for the 

presented DAB-based PPP converter system when the voltage of the low voltage terminal 

is changed. 

       
(a). Voltage of LVDC bus.      (b). Voltages for each DAB. 

 
(c). The total dc-link voltage. 

Figure 5-10  Simulation results when the voltage of LVDC is changed. 

When the battery voltage ULD is 90V and the load resistor R is 150Ω, Figure 5-11 shows 

the simulation result when the PV panels are heavily covered sometimes. As shown in 

Figure 5-11(a), the irradiance of the first PV panel is become as zero at first and then re-

turned to 600W/m2 then to 600W/m2, and the irradiance of the second PV panel is re-

duced to zero without recovery. Moreover, combining the operation for the heavily shaded 

PV panel, the desired output voltages of PV panels can be shown in Figure 5-11(b), and 
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the corresponding output current of PV panels can be shown in Figure 5-11(c). Based on 

the proposed high robustness control scheme, the output voltages of PV panels and the 

compensated voltage can be shown in Figure 5-11(d), and the total dc-link voltage UMD 

can be obtained as shown in Figure 5-11(e). Thus, based on the proposed control method, 

the robustness of the total dc-link voltage can be ensured even when the PV panels are 

heavily shaded. 

       
   (a). Irradiance.                 (b). Desired PV voltage. 

       
(c). Output current of PV.       (d). Voltages for each DAB 

 
(e). The total dc-link voltage. 

Figure 5-11  Simulation results when the PV panel is covered.  

 

5.3.2   The Experiment Results with One PV Panel and One Com-

pensating Module 

A small-scale experiment platform with two DAB modules is employed to verify the 

effectiveness of the proposed DAB-based PPP converter system and the proposed high 

robustness with fast-dynamic response for this converter system. The main circuit pa-

rameters of this experiment platform can be shown in Table 5-II. Moreover, the configu-

ration of the small-scale experiment platform can be shown in Figure 5-12, where the 

power supply Agilent E4360A with the changeable output current and the adjustable out-

put voltage is employed to simulate the PV panel and the power supply Sorensen 

SGX60X83C is used to replace the battery. As shown in Figure 5-12, the total dc-link 
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voltage UMD, the load current iMD, the output current iPV of PV, the terminal voltage UPV 

and the voltage ULD are measured by an oscilloscope. 

 

 
Figure 5-12 The configuration of the small-scale experiment platform. 

Table 5-II   Circuit Parameters of the Small-Scale Experiment Platform 

Parameter Value 

L1, L2 40μH 

n1, n2, n3 1 

fs 40kHz 

R 40Ω ~90Ω 

ULD 50V ~60V 

U*
MD 100V 

 

          
(a). iPV: 1.6A→1A.                                                 (b). iPV: 1A→1.6A. 

Figure 5-13  Experiment results when the output current of the PV panel at MPPT is changed. (UMD, 
UPV and ULD: 25V/div; iMD and iPV: 1A/div; t: 20ms/div) 

          
(a). UPV: 50V→45V.                                                  (b). UPV: 45V→50V. 

Figure 5-14  Experiment results when the terminal voltage of PV panel at MPPT is changed. (UMD, 
UPV and ULD: 25V/div; iMD and iPV: 1A/div; t: 100ms/div) 

When the load resistor is 40Ω, the voltage of the LVDC bus is 50V and the PV voltage 

at MPPT is 50V, Figure 5-13 shows the experiment results when the output current iPV of 
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PV panel is changed. As shown in Figure 5-13, when the output current of the PV panel is 

changed between 1A and 1.6A, the total dc-link voltage UMD can be remained at its desired 

value by using the proposed high-robustness control scheme. Thus, when the output cur-

rent of the PV panel is changed, excellent dynamic performance can be obtained by using 

the DAB-based PPP converter system with the proposed control scheme. 

Moreover, when the load resistor is 40Ω, the voltage of the LVDC bus is 50V and the 

PV current at MPPT is 1.6A, Figure 5-14 shows the experiment result when the terminal 

voltage UPV of the PV panel at MPPT is changed. As shown in Figure 5-14, when the output 

voltage of the PV panel is changed between 45V and 50V, the total dc-link voltage UMD 

can be remained at its desired value by using the proposed high-robustness control 

scheme. Thus, when the terminal voltage of the PV panel is changed, excellent dynamic 

performance can be obtained by the proposed control scheme. Combining the experiment 

results as shown in Figure 5-13 and Figure 5-14, the variation of the PV irradiance can be 

simulated, and the excellent dynamic performance can be obtained by using the proposed 

high-robustness control scheme under this condition. 

          
(a). R: 40Ω→90Ω.                                                  (b). R: 90Ω→40Ω. 

Figure 5-15  Experiment results when the load resistor is changed. (UMD, UPV and ULD: 25V/div; iMD 
and iPV: 1A/div; t: 20ms/div) 

          
(a). ULD: 50V→60V.                                                  (b). ULD: 60V→50V. 

Figure 5-16 Experiment results when the voltage of the LVDC bus is changed. (UMD, UPV and ULD: 
25V/div; iMD and iPV: 1A/div; t: 20ms/div) 
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In addition, when the voltage of the LVDC bus is 50V, the PV voltage is 50V and the PV 

current at MPPT is 1.6A, Figure 5-15 shows the experiment result when the load resistor 

R is changed. As shown in Figure 5-15, when the load resistor is changed between 40Ω 

and 90Ω, the total dc-link voltage UMD can be remained at its desired value by using the 

proposed high-robustness control scheme. Thus, when the load resistor is changed, ex-

cellent dynamic performance can be obtained by the proposed control scheme for the 

DAB-based PPP converter system. 

Similarly, when the load resistor is 40Ω, the PV voltage is 50V and the PV current at 

MPPT is 1.6A, Figure 5-16 shows the experiment result when the terminal voltage ULD of 

the LVDC bus is changed. As shown in Figure 5-16, when this voltage is changed between 

50V and 60V, the total dc-link voltage UMD can be remained at its desired value by using 

the proposed high-robustness control scheme. Thus, when the terminal voltage of the 

LVDC bus is changed, the excellent dynamic performance can be obtained by the pro-

posed control scheme for the DAB-based PPP converter system. 

          
(a). PV is heavily shaded.                                                  (b). PV is activated. 

Figure 5-17  Experiment results when the PV panel is heavily shaded or activated again. (UMD, UPV 
and ULD: 25V/div; iMD and iPV: 1A/div; t: 20ms/div) 

Furthermore, when the load resistor is 40Ω, the voltage of the LVDC bus is 50V, the 

output current of PV is 1.6A and the PV voltage at MPPT is 50V, Figure 5-17 shows the 

experiment results to simulate the transient processes when the PV panels are heavily 

shaded or activated again. As shown in Figure 5-17(a), when the PV panel is heavily cov-

ered, the output current is suddenly become zero, and based on the high-robustness con-

trol scheme with the discussed operation in section 5.2.1, the total dc-link voltage UMD 

can be kept at its desired value. Besides, as shown in Figure 5-17(b), when the PV panel is 

activated again, the total dc-link voltage UMD is also constant. Therefore, based on the 

proposed high-robustness control scheme with discussed operation in section 5.2.2, when 

UMD

ULD

UPV

iMD

iPV

PV is shaded

UMD

ULD

UPV

iMD

iPV

PV is activated



136 

 

the PV panel is heavily shaded or activated suddenly, the excellent dynamic performance 

can be provided for the presented DAB-based PPP converter system. 
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5.4. Summary 

In this Chapter, a DAB-based PPP converter with robust dc-link voltage is analyzed for 

the islanded dc microgrid embedded with the renewable energy source and the energy 

storage system. Based on the proposed PPP converter system, the independent control of 

the renewable energy source and the stabilization of the total dc-link voltage can be real-

ized. Moreover, for this DAB-based PPP converter system, a high robustness control strat-

egy is proposed for maintaining the dc-link voltage under some cases: 1). The working 

condition of the renewable energy source is changed. 2). The voltage of the battery is var-

ied. 3). The load condition is changed. In addition, when the renewable energy source is 

out of work, the robustness of the total dc-link voltage can be ensured by combining a 

presented operation. Notably, the renewable energy should feature the current output 

and the limited output-voltage regulation such as PV, fuel cell and wind turbine with ac-

dc conversion. Furthermore, by using the PV as example, the effectiveness of the proposed 

DAB-based PPP converter system and the proposed high-robustness control scheme is 

verified: 1). The MPPT of the PV panels can be realized by the existing method. 2). The 

total dc-link voltage can maintain at its desired value when the irradiance of PV panels, 

the voltage of the battery, and the load condition are changed, and even when the PV panel 

is heavily shaded. 
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Chapter 6  

Conclusions and Future plans 

The main objectives of this thesis can be divided into three parts:  

1). The dynamic equivalence between the DAB dc-dc converter and other I2ACL dc-dc 

converters should be verified. Then, this verification can be the basis for extending the 

dynamic optimization schemes of the modular DAB dc-dc converter systems such as the 

IPOP, IIOP, IPOS and ISOP configurations to other I2ACL dc-dc converter with the same 

configurations. Besides, a unified fast-dynamic control should be proposed for these 

I2ACL dc-dc converters for boosting the dynamic response when the input voltage and the 

load resistor are changed.  

2). Currently, the modular DAB dc-dc converter systems such as the IPOP, IIOP, IPOS 

and ISOP DAB dc-dc converter systems start to get the attentions in the dc power conver-

sion system for realizing high power transmission and connecting different voltage-level 

dc terminals. The fast-dynamic response is a crucial requirement when these modular 

DAB dc-dc converter systems should provide a constant dc voltage for the following con-

sumers. Thus, the fast-dynamic control schemes for these DAB-based converter systems 

should be studied when the input voltage, the load condition and the power sharing per-

formance are changed. Moreover, the hot-swap operations should be researched for 

switching the DAB module, and the CPE method should also be discussed for ensuring 

the desired power sharing performance of these modular DAB dc-dc converter systems.  

3). Although the PPP converter systems are extensively studied for connecting the re-

newable energy source and the strong ac grid system, the PPP converter system for the 

islanded dc microgrid still needs of study. To expand the scope of the application of the 

DAB-based converter system, the DAB-based PPP converter system with robust dc-link 

voltage should be studied for the islanded dc microgrid with the renewable energy and 

the energy storage system. Notably, this proposed converter system should realize the 

independent control of the renewable energy source and the stabilization of the total dc-

link voltage. Moreover, the high-robustness control strategy and the source-shaded 
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operation should be researched to boost the robustness of this novel DAB-based PPP con-

verter system. 

6.1. Achievements of This Work 

In this work, the thesis contributes to the field DAB-based DAB dc-dc converter systems 

in four areas. 

(1). The Unified Fast-Dynamic Control Scheme for I2ACL Isolated dc-dc Converters. 

In Chapter 2, the existing isolated dc-dc converters with I2ACL feature are reviewed 

since these existing converters have similar dynamic characteristics. Although there is an 

ac inductance in the middle of these converters, this work reveals that this ac inductance 

don’t influence the power transmission in each switching period. Thus, these I2ACL dc-

dc converter can be treated as the first-order converter. Based on these analyses, the dy-

namic equivalence between the DAB dc-dc converter and other I2ACL dc-dc converters 

can be verified. Moreover, a unified FDDC control scheme is proposed for providing the 

ultrafast dynamic response for these dc-dc converters when the input voltage and the load 

condition are changed. In addition, because of the first-order power transferred character, 

the unique design principle of PI parameters is also presented for these converters. Fur-

thermore, with the dynamic equivalence among these isolated dc-dc converters, the fol-

lowing proposed control concepts for the modular DAB dc-dc converters including the 

IPOP, IIOP, IPOS, and ISOP DAB dc-dc converter systems can be easily extended to other 

I2ACL dc-dc converters with the same configuration. 

(2). The Flexible Power Sharing Control Schemes with Fast-Dynamic Response for the 

IPOP DAB dc-dc Converter System and the IIOP DAB dc-dc Converter System. 

In Chapter 3, a tunable power sharing control scheme for the IPOP DAB dc-dc con-

verter is proposed for flexible power management of the DAB modules. Besides, the ex-

cellent dynamic performance under disturbances of the input voltage and the load resistor 

can be provided. Moreover, to ensure the desired power sharing performance, the com-

prehensive CPE schemes proposed for different conditions of the IPOP DAB dc-dc system 

including the start-up process, the working process and plugging-in a new DAB dc-dc 

converter, respectively. In addition, a communication-free power management strategy 

is proposed for the IIOP DAB dc-dc converter. Based on the proposed scheme, the stable 
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dc-link voltage can be obtained when the input voltage of each module, the load condition, 

and the power sharing performance are changed. Furthermore, the hot swap (plug-in and 

plug-out) control methods for the IPOP DAB dc-dc converter and the IIOP DAB dc-dc 

converter without large influence on output voltage are presented in detail.  

(3). The Flexible Power Sharing Control Schemes with Fast-Dynamic Response for the 

IPOS DAB dc-dc Converter System and the ISOP DAB dc-dc Converter System. 

In Chapter 4, this work proposes a simple tunable power sharing control strategy for 

the IPOS DAB dc-dc converter system. Based on the proposed scheme, the excellent dy-

namic performance can be obtained when the input voltage, the load resistor, and the 

power sharing performance are changed. Besides, based on a variant of the proposed 

scheme, the black-start operation can be obtained for synchronous charging of the output 

capacitors during start-up process. Moreover, the hot-swap operation is presented for the 

IPOS DAB dc-dc converter with a slight influence on the output voltage, and this hot-swap 

concept can also be used for the ISOP DAB dc-dc converter system. In addition, an input-

oriented power sharing control scheme with fast-dynamic response is proposed for the 

ISOP DAB dc-dc converter system. Based on this proposed scheme, the complete decou-

pling between the regulations of the input voltages and the output voltage can be realized. 

Further, the excellent dynamic performance can be obtained when the input voltage, the 

load resistor and the power sharing performance are changed. In addition, an inductance-

estimating method is proposed for ensuring the power sharing performance of the ISOP 

DAB dc-dc converter, which can also be employed in the IPOS DAB dc-dc converter sys-

tem. 

(4). The Partial Power Processing Converter System with Robust DC-Link Voltage for Is-

landed DC Microgrid 

In Chapter 5, the proposed DAB-based PPP converter system is analyzed for the is-

landed dc microgrid with the renewable energy and the energy storage system. This DAB-

based PPP converter system can be employed to realize the independent control of the 

renewable energy sources and the constant total dc-link voltage simultaneously. Moreo-

ver, for this novel DAB-based PPP converter system, a high robustness control strategy is 

proposed for maintaining the dc-link voltage under some cases including the changes of 
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the renewable energy source, the load resistor, and the battery voltage. In addition, when 

the renewable energy source is out of work, the stability of the total dc-link voltage can be 

ensured by combining a presented operation. Notably, the renewable energy should fea-

ture the current output and the limited output-voltage regulation such as PV, fuel cell and 

wind turbine with ac-dc conversion. By using the PV as an example, the effectiveness of 

the proposed DAB-based PPP converter system can be verified. Further, the effectiveness 

of the proposed high-robustness control scheme is verified since the total dc-link voltage 

can maintain at its desired value when the irradiance of PV panels, the voltage of the bat-

tery and the load condition are changed, and even when the PV panel is heavily shaded. 

 

6.2. Future Work 

The future works are suggested to focus on the multiple operations of the proposed PPP 

converter system with or without stiff ac grid, where the inverter is employed to connect 

the proposed PPP converter system and the ac grid. Moreover, to complete the dc distrib-

uted system, the connection between the dc voltage terminal and the dc current terminal 

should be studied for interfacing dc current transmission line such as high-voltage direct-

current transmission and the dc microgrid. In addition, the input-series output-series 

DAB dc-dc converter system is also an important application of the DAB-based converter 

system, so the flexible power sharing control scheme with fast-dynamic control scheme 

should be studied for this input-series output-series DAB dc-dc converter system. 

1). The Multiple Operations of the PPP Converter System with or without Strong Ac Grid  

In this work, the PPP converter system with robust dc-link voltage is proposed for the 

islanded dc microgrid with the renewable energy source and the energy storage system. 

However, the strong ac system is usually employed to support the electricity consumer in 

power system. Thus, based on inverter, the proposed PPP converter system can be con-

nected to the ac grid. Then, the power management of the proposed PPP converter system 

with or with stiff dc grid should be further studied for better interfacing the renewable 

energy, the energy storage system, and the strong ac system. 
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2). Hybrid-Type DC-DC Converters Interfacing Dc-Current Buses and Dc-Voltage Buses 

Along with the application of the current source converter, there are more and more 

dc-current buses for supporting power conversion, and in the current power system, the 

dc-voltage bus is the most dc terminal. Thus, it is foreseeable that topologies which can 

connect the dc-current bus and the dc-voltage bus will be urgently needed in the future 

grid system, such as the dc grid and electric vehicle. So, the hybrid-type dc-dc converter 

concept interfacing the dc-current bus and the dc-voltage bus should be studied, and the 

potential hybrid dc-dc converters without or with electric isolation should be obtained. 

Moreover, for these hybrid dc-dc converters, the modulation operations should be pro-

posed and analyzed. 

3). The Flexible Power Sharing Control Scheme for the Input-Series Output-Series DAB 

dc-dc Converter System 

In this work, the flexible power sharing control schemes with fast-dynamic response 

for most of the modular DAB dc-dc converter systems including the IPOP, IIOP, IPOS 

and ISOP DAB dc-dc converter systems are proposed for achieving the excellent dynamic 

performances when the input voltage, the load condition and the power sharing perfor-

mance are changed. However, the flexible power sharing control scheme is not proposed 

for the input-series output-series DAB dc-dc converter system. The input-series output-

series DAB dc-dc converter system can be employed to connect two high-voltage dc ter-

minals, and when this modular DAB dc-dc converter is employed to provide power to the 

consumer side, the robustness of the output voltage is also a crucial requirement. Thus, a 

flexible power sharing control schemes with fast-dynamic response should be provided 

for the input-series output-series DAB dc-dc converter system when the input voltage, the 

load condition and the power sharing performance are changed. 
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